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INVESTIGATION OF OCCULTATION AND IMAGERY PROBLEMS 

FOR ORBITAL MISSIONS TO VENUS AND MARS 

By Richard N. Green 
Langley Research Center 

SUMMARY 

A computer program for  the purpose of providing mission design data for  planeto­
centric elliptical orbits about either Mars o r  Venus has been developed. The t imes at 
which the satellite enters into and exits from the shadows of the Sun, Earth, and Canopus 
a r e  computed. In addition, the positions in orbit that correspond to desirable lighting 
conditions on the surface for  vertical photography a r e  computed. A program option allows 
for these conditions to be examined at various t imes by permitting the planet to proceed 
in i ts  orbit about the Sun. The mean heliocentric position of the planet, the angles in the 
Earth-Sun-planet triangle, and the associated distances are also included in the list of 
output parameters.  The program is written in FORTRAN IV language for  a digital com­
puter and contains 27 subroutines of general use. A description of the program input and 
output, a complete FORTRAN listing of the program, and samples of the input and output 
a r e  included. 

INTRODUCTION 

The computer program VAMOOS (Venus and Mars Orbital Occultation Simulator) 
originated for  the purpose of studying orbital missions to Mars and Venus. Two impor­
tant considerations to  mission analysis are the occultations of celestial bodies and the 
available imagery. The length of t ime that the satellite spends in the shadows of the Sun, 
Earth, and Canopus is significant. When the satellite passes into the shadow of the Sun, 
the use of solar  cells is prohibited. Many times this condition is undesirable o r  must be 
limited to short  periods of darkness. Passage into the shadow of the Earth will result  in 
the loss of communication between the satellite and Earth. Since the attitude reference 
system of the satellite is frequently alined with the Sun and Canopus, the occultation of 
either is of great interest. In addition to  the importance of the length of time, the posi­
tions in the orbit at which the satellite enters into and exits from the shadows are signifi­
cant since they influence the operational sequence of events. The positions in the orbit 
of the satellite that correspond to  desirable lighting conditions on the surface of the planet 
for  vertical photography are also of interest. These positions, along with the orbital 



elements, lead to  the definition of the surface which can be photographed. In addition, the 
resulting resolution is defined. If the mission objectives require that specific sections of 
the planet's surface be photographed, the orientation of the orbital plane of the satellite 
can be adjusted to  satisfy the objectives. For  these reasons VAMOOS was developed to 
supply the data necessary to define the occultations and the conditions at specific lighting 
angles. 

The program is based on the assumption that the hyperbolic arrival conditions at 
the planet are known. The hyperbolic excess velocity and the arrival asymptote for  a 
given arr ival  Julian date a r e  generally available (refs. 1 and 2) or  can be generated with 
Lambert 's theorem and the appropriate ephemerides. To establish an elliptical orbit 
about the planet, a deboost from a hyperbolic periapsis to an elliptical periapsis was 
assumed, and this assumption should not be restrictive for preliminary mission design. 
Occultation and imagery parameters within the orbit are then generated. The calculations 
have been greatly simplified by fixing the celestial bodies during one spacecraft revolu­
tion. This simplification is valid since the angular displacement of the planet in its orbit 
about the Sun is small  for  a period of a few hours. A program option allows the investi­
gator to examine future conditions by stepping the planet in t ime within i ts  orbit about the 
Sun. The second zonal harmonic J20 can be incorporated in these calculations to per­
turb the argument of periapsis and the longitude of the ascending node of the satellite orbit 
by the appropriate input. 

In an attempt to make the program a useful analytical tool, emphasis has been 
placed on the speed and simplicity of the calculations. Keplerian mechanics and analytic 
solutions were used entirely throughout the program to make the calculations as rapid as 
possible. The mean heliocentric positions of Venus, Earth, and Mars a r e  generated with 
mean orbital elements. The calculation sequence has been divided into a number of sepa­
rate calculations which form the subroutines of the program. This modular form should 
facilitate the understanding of the many calculations performed. 

The necessary information pertaining to the implementation of the program is con­
tained in the appendixes of this paper. The function of the main program is outlined with 
a flow diagram and the purpose of each subroutine is se t  forth (appendix A). A complete 
FORTRAN listing is included (appendix B) in addition to a sample input and output case 
(appendix C). 

SYMBOLS 

a semimajor axis, kilometers 

A,B angles defined by figure 5, degrees 
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AU astronomical unit, kilometers 


cO,c l~c2 ,C3 ,c4  coefficients of a polynomial 


d' vector defined by figure 7 


d magnitude of d' 


D Julian days since 1900 


N

D = - D 
10 000 

e eccentricity 

-
E unit vector from planet toward a celestial body 


F,G,H,I angles defined in figure 2, degrees 


f t rue anomaly, degrees 


ha apoapsis altitude, kilometers 


hP periapsis altitude, kilometers 


i inclination, degrees 


- - e  


i , W  unit coordinate vectors 

J D  Julian date, days 

J20 second zonal harmonic of planet 

2 semilatus rectum ,kilometers 

M mean anomaly, degrees 

n mean angular rate, radians/second 

P,Q,R points in spherical triangle (see fig. 2) 
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.unit coordinate vectors in PQW coordinate system; 5 points toward peri­
apsis, 6 is in orbital plane advanced to P' by a right angle in direction 

4 

R 

RPQW 

-r 
r 

P 

Y 

6 

A 


of increasing t rue anomaly, and W completes right-handed system 

rotational matrix from mean Earth equinox and equator of date coordinate 
system to mean planet equinox and equator of date coordinate system 

rotational matrix from X Y Z  TO PQW coordinate system 

radius vector 

magnitude of r' 

surface radius of planet, kilometers 

unit vector from center of planet parallel to  arrival asymptote of incoming 
hyperbola 

magnitude of 

whole number of Julian years since 1950 

time past deboost, seconds 

Julian centuries since 1900 

velocity, kilometers/second 

rectangular Cartesian coordinates 

right ascension of axis of rotation of planet referenced to mean Earth equinox 
and equator of date coordinate system, degrees 

orbital plane orientation angle, degrees (see fig. 1) 

declination of axis of rotation of planet referenced to mean Earth equinox and 
equator of data coordinate system, degrees 

declination, degrees 

angle defined by figure 2, degrees 
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E mean obliquity of ecliptic, degrees 

x right ascension, degrees 

IJ. gravitational constant, kilometers3/second2 

7 FOOTd, where [X] is fractional part  of X, years  

T first point of Aries 

@ 

ICI 

52 

w 


Subscripts : 


C 


EC 


EE 


f 


h 


I 


P 

P E  

p,q,w 

PX,PY ,PZ 

angle between s' and F, degrees 


angle between planet-Sun vector and planet-satellite radius vector, degrees 


longitude of ascending node, degrees 


argument of periapsis ,degrees 


denotes star Canopus 

measured in mean Earth equinox and ecliptic of date coordinate system 

measured in mean Earth equinox and equator of date coordinate system 

first value 

denotes hyperbolic orbit 

last value 

denotes planet Venus or M a r s  

measured in mean planet equinox and equator of date coordinate system 

rectangular Cartesian components in PQW coordinate system 

rectangular Cartesian components in mean planet equinox and equator of date 
coordinate system 
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S denotes s' 

172 first and second root of an  equation 

co infinity 

0 denotes Sun 

9 denotes Venus 

(B denotes Earth 

d denotes Mars 

0 initial conditions 

Dot over symbol denotes derivative with respect to  time. 

METHOD OF CALCULATION 

The hyperbolic arr ival  conditions at the planet are inputs to  the program. These 
inputs include such quantities as the arr ival  Julian date, the right ascension and declina­
tion of the S-vector expressed in the Earth equatorial coordinate system and the hyper­
bolic excess velocity. The S-vector is identical to  the unit vector from the center of the 
planet parallel to  the arr ival  asymptote of the incoming hyperbola. The size of the planet­
ocentric ellipse must also be included in the form of the apoapsis and the periapsis alti­
tudes. Since the orbital plane can be rotated about the S-vector with only small  expendi­
tures  of fuel, the orientation of the orbital plane is considered to  be an independent varia­
ble and is at the discretion of the investigator. The plane is restricted, however, to con­
tain the S-vector, but can assume any inclination that fulfills this requirement. The angle 
p (fig. 1)has been taken as a measure of the orientation. The program allows fo r  this 
angle to  be incremented through any range of interest from 0' to  360°. For a given p 
the computation of Keplerian orbital elements is based on a deboost from a hyperbolic 
periapsis to  an elliptical periapsis. Imagery data and occultation data based on the posi­
tions of the celestial bodies at the t ime of periapsis passage are then generated. 

Hyperbolic Arrival Conditions 

The hyperbolic arr ival  conditions at the planet for  a given Julian date as obtained 
from references 1 and 2 are expressed in a coordinate system oriented to the mean Earth 
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Axis o f  rotat ion 

/ I 
I 

in direct ion of ~ 

spacecraft motion 

Figure 1.- Orbi ta l  plane geometry. Cp i s  measured counterclockwise in 
plane perpendicular to l i n e  of nodes.) 

equinox and equator. Since it is desirable to perform all the orbital calculations in a 
coordinate system oriented to  the mean planet equinox and equator, the transformation 
between the two systems is necessary. 

Consider figure 2 where Q! and y are the right ascension and declination of the 
planet's axis of rotation, respectively, expressed in the Earth coordinate system. For  
Venus (ref. 3, p. 2O), 

a. = 272O.75 

y = 71O.50
s! 

and for Mars (ref. 4, p. 334), 

ob.' = 317O.793416667 + 00.006520833t - 0°.001013~ 

~d = 54O.6575000 + 0°.0035t - 0°.000631~ 

where 

Te = JD - 2 415 020 
36 525 

T = COOT4 where [a is the fractional part  of X 

t = 100Te - T - 50 

7 
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North pole and J D  is the Julian date at the time of inter-
of Earth 

North pole t the Venus orbital plane on the ecliptic and the 
inclination of the Venus orbital plane to the 
ecliptic is (ref. 4, p. 113) 

9 = 75O46'46''.73 + 3239".46Te + 1".476Te2 

i9 = 
3O23'37".07 + 3".621Te - 0".0035Te2 

For Mars (ref. 4, p. 335) 

52d = 48°47'11".19 + 2775".57Te - 0".005Te2 

id = 1°51'01".20 - 2".430Te + 0".0454Te2 

est. The longitude of the ascending node of 

Figure 2.- Geometry of transformation f rom the Earth The mean obliquity of the ecliptic E is given
equator to the planet equator system. 

by (ref. 4, p. 98) 

E = 23'27'8''.26 - 46".845Te - 0".0059Te2 + O".00181Te3 

The rotation from the Earth equatorial system to the planet equatorial coordinate 
system is given in reference 4 (p. 330). It can be seen that this rotation is essentially 

an Euler rotation where the X-axis is rotated from T 
to Q along the Earth equatorial plane and followed by 
a rotation about Q through the angle 90' - y,  and 

T T + Q finally the X-axis is rotated along the planet's equato­
90' t a 

rial plane to the ascending node of the orbital plane on 
Figure 3.- Spherical triangle defined its equatorial plane. The angle TQ is immediately

in f igure 2. 
seen to be a + 90°, and the rotation about Q is 

90° - y. The only angle remaining to be calculated is A which necessitates the solu­
tion of two spherical triangles. Consider the triangle TQP as shown in figure 3. The 
angles F, G, and H a r e  computed by 

cos H = cos 52 cos(90° + a)+ s in  51 sin(90° + a)cos E 

COS F = 
cos (90' + @)sin

.. 
a - sin(90° + a)cos 51 cos E 

~ 

sin H 

sin E sin(90 + a)sin F = . 
sin H 

8 
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COS G = 
cos 51 sin(90° + CY)	- sin 51 cos(90° + CY)COS E 

sin H 
R 

sin G = sin 51 sin E 
sin H 

Now, consider the triangle PQR (fig. 4): The angle I is 
given by 

cos I = -cos(18Oo - F + i)cos(90° 

+ sin(180' - F + i)sin(90° 

s in  I = J G G Z i  
and the angle A by 

sin A = 
sin(180° - F + i)sin H 

s in  I 

- G + y) 

- G + y)cos H 
Q 

Figure 4.- Angle relationships 
of spherical triangle defined 
in figure 2. 

COS A = 
cos(18Oo - F + i)sin(90° - G + y)  + sin(180' - F + i)cos(90° - G + y)cos H 

sin I 

A =tan - 1 sin A-
(COS A) 

Therefore, the three Euler angles (90' + CY,90' - y ,  A + 180°) constitute the Euler rota­
tion R which transforms the f rom the Earth equatorial to the planet equatorial sys­
tem, that is 

where 

cos(A + 18Oo)cos(9O0+ or) 


-cos(90° - y)sin(90° + or)sin(A + 180°) 


-sin(A + 18Oo)cos(9O0 + or)
R =  

-cos(90° - y)sin(90° + or)cos(A + 180°) 

sin(90° - y)sin(9o0 + or)1
and 

ZEE = (COS 6s EE COS 

-ZPE = RSEE 

cos(A + 180°)sin(900 + or) sin(A + 1800)sin(90° - y )  

+cos(90° - y)cos(90° + a)sin(A + 180°) 

-sin(A + 180°)sin(900 + a) cos(A + 180°)sin(900 - y: 

+cos(90° - y)cos(90° + or)cos(A + 180°) 

-sin(900 - y)cos(90° + or) cos(900 - y )  

AS EE, COS 6S,EE sin xS,EE, s in  bs,EE> 
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Orbital Transfer to Planetocentric Ellipse and 

Orbital Perturbations With Time 

If the characteristics of the incoming hyperbolic orbit in the planet equatorial sys­
tem (gp~,V,),  the shape of the desired elliptical orbit about the planet (hp,ha), and the 

orientation angle p are known, the Keplerian orbital elements can be determined for  a 
transfer from a hyperbolic periapsis to an elliptical periapsis. If 

then the right ascension and declination of the S p ~are,  respectively. 

s in  -- SPY 

-
'Os %,PE -

XS,PE = tan-

and 

The semimajor axis and the eccentricity of the elliptical orbit a r e  given by 

2rs + ha + hp 
a =  

2 

e =  rs + ha - 1  a 

where rs is the surface radius of the planet. 

Consider figure 5. From figure 5 it can be seen that ,A = sin-( tan %,PE) 
tan PI 

sin p J  

10 

(-90° 5 A 5 90°) 

(-90' 5 B 5 90') 



The angle @ between the vector s" and the vec­
tor  to the periapsis P' can be found by considering 
the geometry of the incoming hyperbola where the 
orbit is defined by 

As the radius r approaches infinity, the denomina­
tor  must approach zero, or 

1 + eh cos f w  = 0 

which can be solved for the cosine of the t rue anom­
sly, 

1 cos f, = - ­
eh 

From figure 6 it can be seen that 

f, = 1800 - @ 

so that 

cos f, = -cos @ 

The two expressions for  the cos f, can be used to obtain 

cos @ = -1 
eh 

Figure 5.- Orbital transfer geometry. 

Evaluating equation (1) at a t rue anomaly of 

rs + hp = ah(1 - eh) 
or 

e h = l - rs + hP 
ah 

zero gives 

(3) 


The semimajor axis of the hyperbola can be expressed in  t e rms  
of known parameters by evaluating the relation 

as r approaches infinity; that is, 

-Pah = ­
vw2 

Figure 6.- Geometry of 
hyperbolic orbit. 

(4) 
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Equation (2) can now be expressed in  te rms  of known parameters by equations (3) and (4) 
as 

CI..cos @ = 
CI. + (rs + h p ) L  2 

(0" 5 C#J 5 180') 

The inclination defined between 0' and 180' at the ascending node is given by 

i = p  

i = 360° - p (180' < p < 360°) 

The argument of periapsis and the longitude of the ascending node can be determined by 
considering the geometry; that is, 

w = B - $ I  7 
(0" < p < 900) 

o r  
w = B - $ I  'I (90' < p < 180°) 

and 
w = 180° - B - 7

i (180° < p < 270') 
8 = 180' + AS PE - A 

J 
o r  

w = 180' - B - $I 
(270' < p < 360') 

52 = 180' + XS,pE + A 

Therefore, the planetocentric ellipse is defined by the Keplerian orbital elements a, e, 
i, W ,  and 52 for a transfer from one periapsis to the other. 

As the planet proceeds in its orbit about the Sun, the longitude of the ascending node 
and the argument of periapsis are perturbed by the second zonal harmonic J20. These 
two orbital elements a r e  expressed as functions of time as (ref. 5) 

s-2 = a0 + 8t' 

0 = W o  + cjt' 
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where 

and 

The elements no and wo a r e  the orbital elements at the time of deboost into the 
planetocentric ellipse and t' is the time past deboost in seconds. 

The gravitational constant and the qadius of the planet are necessary in calculations 
involving the orbital elements and their  perturbations with time. The gravitational con­
stants for Venus and M a r s  a r e  given by (ref. 6, p. 8) 

p? = 3.2485340 X 105 km3/sec2 

pd = 4.297780 X 104 km3/sec2 

and the surface radius of Venus is (ref. 3, p. 18) 

rs = 6085km 
? 

and the surface radius of M a r s  is (ref. 7, p. 24) 

rSd = 3395 km 

Satellite Occultation of Celestial Bodies 

Before the positions in  the orbit at which the satellite enters and exits the shadows 
of the celestial bodies can be computed, the unit vectors from the planet toward the celes­
tial bodies must be found. These vectors a r e  found by considering the mean orbital ele­
ments of the planets about the Sun which lead to the heliocentric position vectors of the 
planets. The proper addition of these vectors will yield the desired vectors. Let 

D = JD - 2 415 020 

D = -
- D 

10 000 
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- . ... . . 

since the mean orbital elements are referenced to the mean equinox and ecliptic of 1900. 
The value of the astronomical unit in units of kilometers is given by (ref. 8, p. 6) 

AU = 149 598 8'45 km 

and the gravitational constant of the Sun is (ref. 6, p. 8) 

4 3  
= 1.32715445 X 10l1 km3/sec2 

Since the mean orbital elements of the Sun about the Earth (ref. 4, p. 98) are s imilar  to 
the orbital elements of the Earth about the Sun, the semimajor axis is 

a, = 1.00000023AU 

The eccentricity is 

e, = 0.01675104 - 0.00004180Te - 0~000000126T~2 

The longitude of periapsis is 

w, = 101°.220833 + 0°.000047068D + O0.00O0339b2 

and the mean anomaly is 

M, = 358O.475845 + 0°.9856002670D - 0°.0000112~2 - 0°.00000007~3 

The inclination of the Earth's orbit is zero by definition, and the argument of the ascending 
node is taken as zero.  The mean heliocentric position and velocity of the Earth are 
obtained by converting the orbital elements to Cartesian coordinates. The mean orbital 
elements for  Venus are (ref, 4, p. 113) 

ay = 0.7233316AU 

= 0.00682069 - 0.00004774Te + 0.000000091T~2 

S'Z 9 = 75'46'46".73 + 3239".46Te + 1".476Te2 

= 130°9'49".8 + 5068".93Te - 3".515Te2 - S-2 9 
= 3023'37".07 + 3".621Te - 0".0035Te2i? 
= 212O.603219 + 1°.6021301540D + 0°.000096400~2 

and fo r  Mars  (ref. 4, p. 113) 

a d  = 1.5236915AU 

e d  = 0.09331290 + 0.000092064Te - 0.000000077Te2 

SZd = 48°47'11".19 + 2775".57Te - 0".005Te2 - 0".0192Te3 

~d = 334O13'05".53 + 6626".73Te + 01'.4675Te2 - Off.0043Te3­
14 
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id = 1°51'1".20 - 2".430Te + 0".0454Te2 

M d  = 319O.529425 + 0°.5240207666D + 0°.00001355352 + 0°.000000025~3 

Therefore, the mean heliocentric, ecliptic positions of the Earth and the planet (that is, 
4 


roe and ;&) can be obtained. 


The vector from the planet to the Earth is - ­+ ­
rPe - r@e- r a p  

and the vector from the planet to the Sun is - ­

r P o  = -rap 

These vectors a r e  rotated from the ecliptic to the Earth equatorial system by 

and to the planet equatorial system by the Euler rotation previously defined; that is, 

The unit vectors to the celestial bodies are therefore 

where 

The unit vector to the star Canopus in the planet equatorial system is found by first 
rotating the vector f rom the mean Earth equinox and equator of 1950 coordinate system 

X c  = -0.060340592 

Yc = 0.60342839 

Z c  = -0.79513092 

15 
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- -  

to the mean Earth equinox and equator of date. This rotation is described in reference 4 
(pp. 28 to 39). The updated position vector is then rotated to the planet equatorial system 

bY 	 -
XC,PE = %,EE 

The solution to the occultation problem is from reference 8 (p. 155) and the sim­
plified geometry is shown in figure 7. The unit vector toward the body being occulted is 
defined by 

+ - -
E = Epxi + Epyj + Epzk 

which can be rotated to the PQW coordinate system; that is, 

E‘ = EpS + EqG + E,% (5) 

The radius vector to the spacecraft r‘ can be expressed in the PQW system by 

F=r cos f5 + r s in  fCj + 0% ( 6 )  

where 

a(1 - “2) 2-­r =  1 + e  cos f 1 + e cos f (7) 

The geometric.constraint can be obtained from the condition that upon entrance to or  exit 
from the shadow, d‘ is parallel to z;therefore, 

E . d = - d  

where 

and 

-L Therefore. 

-4

P‘ and since E‘ is perpendicular to Fs, 

Expanding the dot product with equations (5) 
and (6) and eliminating r with equation (7) 

Figure 7.- Geometry of occultation. allows equation (8) to be expressed in te rms  
of only the true anomaly; that is, 
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EPZ COS f + Eql sin f 1/2 

which can be reduced to standard form as 

CO cos4f + c1 cos3f + c 2  cos2f + c3 cos f + c 4  = 0 (9) 

where 

co= (?re4 - 2($(Eq2 - Ep2)e2 + (Ep2 + E q 2 r  

4 
C1 = 4 k )  e3 - 4 e r ( E 9 "  - Ep2)e 

+ 2(Eq2 - Ep2)(1 - Eq2) - 4Ep2Eq2 

c4= k)4 
- 2@) 

2 (1 - Eq2) + (1 - Eq2>" 

All the real roots of equation (9) a r e  extracted by Descartes technique (ref. 8, p. 430). 
The spurious roots a r e  then rejected by 

It can be shown that the spacecraft enters the shadow at f l  provided that 

2rs2(1 + e cos fl)(-e s in  f l )  + 2Z2(Ep cos f l  + Eq sin fl)(-Ep s in  f l  + Eq cos f l ) >  0 

where f l  is a solution of equation (9). The exit f rom the shadow is at f2. Once f l  
and f 2  nave been determined, pertinent parameters such as the length of time in  the 
shadow can be computed. 

Vertical Photography at a Specific Lighting Angle 

The positions in  the orbit of the satellite about the planet that correspond to desira­
ble lighting conditions on the surface for  vertical photography are of interest in  mission 
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analysis. These positions along with the orbital elements lead to  the definition of the sur­
face which can be photographed. 

The lighting angle rc/ is the angle between'the planet-Sun vector and the planet-
satellite radius vector. When the lighting angle is 90°, the satellite is directly over the 
terminator. The unit vector from the planet toward the Sun is rotated to the PQW coor­
dinate system by 

where RPQW is the rotation matrix from the planet equatorial to the PQW system and 
is defined by 

-sin w cos i sin 52 

-cos w cos i sin 52 

cos w sin 52 

+sin w cos i cos 52 

-sin w sin 52 

+cos S-2 cos w cos i 

-sin i cos 52 

cos w sin i 

cos i 

The unit vector from the planet toward the spacecraft in the PQW coordinate system is 
given by 

F = cos f5 + sin f i j  + 0% 

Since J/ is the angle between the Sun vector and the radius vector 

E - r'=COS rc/ 

IE x F I = sin rc/ 

From the dot product 

o r  

Ep cos f + Eq sin f = cos rc/ 

cos f = 
cos q - Eq sin f 

EP 

From the cross  product 

Ew2sin2f + G2cos2f  + (Eq cos f - Ep sin f)2 = sin2@ 
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Using equation (10) to eliminate the cos f in equation (11)and putting in standard form 
gives 

Co s in  f + C1 sin f + C2 = 0 

where 
4 

Co = 5+ 2Eq2 + Ep2 
EP2 

- 2 ~ ~ 3c1=-COS @ - 2Eq COS @ 
EP2 

~2 = E, 2 + -Eq2 cos2q - sin2Q 

Ep2 

The quadratic formula is used to obtain the sines of f l  and fa ,  anc equation (10) is used 
to obtain the corresponding cosines. Therefore, 

There a r e  two t rue anomalies that correspond to a given lighting condition. It is very 
important to determine whether the satellite is entering the desirable lighting conditions 
or leaving these conditions. Differentiating equation (10) with respect to time yields 

J I = f  
. Eq cos f - Ep sin( -sin @ 

and since 5 0, 

cos f - Ep sin 
sign ($) = sign 

-sin I& 

If sign($) is positive, the lighting angle is increasing; if sign($) is negative, the 
lighting angle is decreasing. Distinction between ascending and descending motion at the 
t rue anomalies in question is made by the following: 

Ascending motion: 

-900< w + f < goo 

Descending motion: 

900 < w + f < 270° 
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RESULTS AND DISCUSSION 

The computer program has three distinct advantages. The use of Keplerian mechan­
ics and analytic solutions to the occultation and imagery problems has resulted in an 
extremely fast program. The use of mean orbital elements to generate the ephemerides 
of the planets is considered to  be an advantage in that the program is self-contained and 
does not require the use of ephemeris tapes. Possibly, the major advantage of the pro­
gram is the modular form in which it is written. This form allows the user  to insert  
additional calculations into the program with a minimum of effort. The subroutines 
(appendix B) have been written in as general a form as possible and can be easily adapted 
to various orbital-mechanics problems. The modular form in which VAMOOS was  
written resulted in a field length (storage requirement) of 40 0008. 

Sample plots which have been found useful in design studies for a M a r s  mission are 
presented in figures 8, 9, and 10. The orbital inclinations which result in Sun, Earth, o r  
Canopus occultations during the first revolution of the satellite about the planet can be 
seen in figure 8. In addition, the duration of the occultation period is given. This type 
of plot has been found useful in selecting an orbital inclination that insures visibility of 
the satellite from Earth and provides adequate sunlight for the satellite. The computing 

/-­

2 0 

Figure 8.- Sun, Earth, and Canopus occultation durations during first satellite revolution 
about Mars. 
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Figure 9.- Ground tracks and lighting angles for satellite orbits about Mars. 
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Figure 10.- Mission sequence of events for a satellite orbit about Mars. 
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time on the digital computer for the data presented in figure 8 was 0.16 second, Ground-
track and lighting-angle plots (fig. 9) have been found useful in examining the imagery 
requirements fo r  an orbital planetary mission. For a given orbital inclination the 
sequence of events during many satellite revolutions can be generated with the program. 
(See fig. 10.) 

CONCLUDING REMARKS 

A program for the calculation of mission design data for  either M a r s  o r  Venus has 
been developed. The planetocentric elliptical orbit about the planet is examined to deter­
mine the t imes at which the satellite enters and exits the shadows of the Sun, Earth, and 
Canopus. The photographic coverage of the surface of the planet is also determined. 
Because of the speed and simplicity of the calculations, VAMOOS has proved to be a use­
ful  and flexible tool for  mission design. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., December 13, 1968, 
194..82-01-05- 23. 
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APPENDIX A 

PROGRAM DESCRIPTION 

The VAMOOS program has been written entirely in FORTRAN IV computer language 
for the Control Data 6600 digital computer and contains a main program and 27 subrou­
tines. The modular form in which the program was written resulted in a field length 
(storage requirement) of 40 0008. Very few calculations are performed in the main pro­
gram since its primary purpose is one of administration. The input data a r e  read into 
the main program and the appropriate subroutines a r e  used to perform the desired com­
putations. The angle p (fig. 1) can be incremented from Oo to 360° in whole degrees at 
the discretion of the user.  An additional program option allows for  the range of 0 to be 
investigated at a future date by stepping the planet in time within its orbit about the Sun. 
This option permits the time after arrival to be incremented over any time period with 
printout as frequently as desired. The second zonal harmonic J20 can be incorporated 
in these calculations to  perturb o and C2 of the satellite orbit by the appropriate input 
if such is desired. All these options a r e  controlled by the main program which is out­
lined in the flow diagram. The letters in parentheses correspond to the subroutine that 
performs the stated calculation. A brief statement of the purpose of each subroutine con­
tained in the program follows: 

JULCAL Converts Julian data to calendar data 

REQVEQ Rotates a vector from the mean Earth equinox and equator of date 
coordinate system to the mean Venus equinox and equator of date 
coordinate system 

REQMEQ Rotates a vector from the mean Earth equinox and equator of date 
coordinate system to the mean M a r s  equinox and equator of date 
coordinate system 

REQPEQ Qotates a vector from the mean Earth equinox and equator of date 
coordinate system to the mean planet equinox and equator of date 
coordinate system 

RECEQ Rotates a vector from the mean equinox and ecliptic of date coordi­
nate system to the mean Earth equinox and equator of date coordi­
nate system 

RXYZPQW Rotates a vector from the XYZ to the PQW coordinate system 

RPQWXYZ Rotates a vector from the PQW to the XYZ coordinate system 
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EEARTH 

EVENUS 

EMARS 

SUN 

SUNBAND 

OCCULT 

CONCAR 

CARSPH 

TCONIC 

TINVS 

QADRAT 

CUBIC 

QARTIC 

CROSS 

DOT 

ORBIT 

PRECES 

LATLNG 
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Calculates the mean heliocentric position and velocity of Earth 

Calculates the mean heliocentric position and velocity of Venus 

Calculates the mean heliocentric position and velocity of Mars 

Calculates the positions in orbit which correspond to various lighting 
angles and writes output data 

Calculates the two positions in orbit which correspond to a given 
lighting angle 

Calculates the entrance and exit t rue  anomalies of occultation 

Converts conic elements to Cartesian coordinates 

Converts Cartesian to spherical coordinates 

Calculates the time from periapsis passage for a given t rue anomaly 

Converts mean anomaly to eccentric and t rue anomaly 

Solves the equation AX2 + BX + C = 0 for  the real  roots 

Solves the equation AX3 + BX2 + CX + D = 0 for the real  roots 

Solves the equation AX4 + BX3 + CX2 + DX + E = 0 for the real  roots 

Calculates the vector cross  product 

Calculates the angle between two vectors 

Calculates Keplerian orbital elements for a periapsis to periapsis 
deboost 

Transforms mean Earth equinox and equator coordinates from one 
epoch to  another epoch 

Converts a Cartesian position to latitude and longitude 



APPENDIX A 

EULER Performs an Euler rotation 

VECTOR Calculates the position of the Sun, Earth, and Canopus in the planeto­
centric, planet equator, coordinate system and writes output data 
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FLOW DIAGRAM FOR MAIN PROGRAM 


-
Initiate control parameters 
TIME = 0 Pf = 0 
At = 0 ,  J20 = 0, P i  = 0 

-

J 
Read input data 

I 

NO 

&
Write input data 

Calculate calendar date at e 

present t ime (JULCAL) 

I canopus (VECTOR) I 
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planet equator (REQVEQ o r  REQMEQ) 

Set control parameters L 
P = Pf I' 

( s in  p (  < 
YES 

D 
of the s' in planet 

equator 

I Calculate orbital elements (ORBIT) I
- .  

I c 
Perturb orbital elements w and 
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Calculate and write output+=-
parameters 

Calculate and write imagery 
data (SUN) 

b"" 

INo
JI 
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APPENDIX B 

PROGRAM LISTING 

A complete FORTRAN IV listing of the program VAMOOS is contained herein. The 
purpose of each subroutine is stated in the listing along with a brief definition of the input 
and output parameters. E additional subroutines are required for the computations con­
tained in a specific subroutine, this fact is also designated. 

t T H I S  PROGR4M C A L L S  S U B R L U T I N E S  JULC4Lw REQVEO, REQMEQr REQPEQr K E C E Q r  

C R X Y Z F C W ,  RPCWXYZ, E E A K T I - 9  EVENUS,  EP'ARS, S U h  9 SUNBAND,  OCCULTp CONCPR, 

C C 4 R S P t - r  T C C h I C ,  T I h I S ,  C 4 C A 4 T r  C U a I C ,  C P R T I C p  C R O S S ,  DOT,  O R R I T r  

C PRECES,  L A T L N G ,  t U L E R ,  VECTOR 

C 

C 


C I l r�hS  I C N  G ( 6  1 v E (61 rPPCW ( 3 ,  3 1 ,  S U N B (  61  

R E 4 L  JD 

h A M E L I S T / C P S E / J C ~ S V C E C E I S V H A E , V I N F , H A I H P ~ ~ F F S T ~ B L A S T ~ ~ S T E P ~ T L A S T ~ T  


l S T E P ,  X J 2 0 , I  POCY , S L h l  * S U N 2  r S U h 3 r S U N 4 r  S U N 5 r S U h 6  
AN EL  E ( X k 4 P C D  I X 9360 1 + 180 .-S I G N (  189 9 X I 

C 
R O = 5 7 . 2 5 5 7 7 5 5 1 3 C E 2 3  
DR=C . C L i 4 5 3 2 5 2 5 1 w 4  
P I = :  a 1 4 1 5 9 2 6 5 3 5 8 5 7 9  
U V k A U  S = 3 2 4 6 5 3 . 4  
R V E h L S z 6 C e 5  
UM AH S z 4 . 2 9 7 7  8 
A P P P  S=3 39 5 

C 

6DC 	 T L P S T = C .  

T S T t  P=C 
B F R S T = C  . 
B S 1EP =C . 
BL A S  T=O 
T I M E = C  
X J 2 G = 2  
SVUECE=O.  

S V R b  E=O 
SUN 1=3 
su h2 =y" . 
SUNP=O 

SLN4=C. 
SUN5=0. 
SUN�=:, 

E 

R E I C ( 5 , C I S E )  

W P I T � ( 6  r C P S E )
IF( E C F . 5  J e C 0 . l  

c 
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1 C C A T I F U E  
S U N & (  1) = S U N 1  
SLhb ( 2 )  =SUN2 
SLJNB( 3 1 =SUN3 
S U N B t  4 ) = S U h i 4  
SLNE ( 5 )  =SLiN5 
SUN&(6 )=SLR6 

IF(IBDUY.E0.2) GO T O  2 0  
I F I I E O E i Y . . E Q . 4 )  GO T C  2 1  

C 
2 0  Li=LLEhiLS 

H S=R V ENL S 
GO TO 22 

2 1  U = L P 4 K S  
R S = R M  4 R S  

2 2  	COhTIkUE 
W J C = f L O A T (  I F I X (  J D )  1 
F JI)= JD-kJD 
IF ( F JD .EQ - 5  1 F JU=F JD+O .C'cZOO 
CPLL J U L C A L ( G , W J D , F J D ,  C )  
I Y 4 =  I F I X ( G ( 1 )  1 
I M A =  I F  I X I G ( 2  1 )  
I L A = I F I X ( G ( 3 )  1 

C 

2 C A L L  J L L C ~ L ( B I W J G I F  J D r O )  

I Y B - I F I X L a t  1 ) )  
1 Pa= I F 1  X ( @ ( 2 1 1 
I C B =  I F I X (  B (  3 1 1 

C 


1 


WR I T L (  6 r 101 ) JO p I Y  E , I M  E , I  C @ P I Y  4 9  IM4r I D 4  
C 

C P L L  L L C T C R  ( JC C E C S  r P 4 S  ( D E C E  r K 4 E 9  DECCr  R 4 C 9  -C >, S Y ,  S Z  T E X 1EY t E Z  T C X I C Y  9 

1cz 9 I B J O Y )  
C 

I F I T I ? I t . G T . . C t l )  GO TO 7 
IF( I B J D Y . E Q . 2  1 G C  T O  3 
I k ( I B C L Y o E 9 . 4 )  GC T C  4 

3 C A L L  . K k O V E C ( J C r C O S ( S V O E C E * C R  ) * C O S ( S V K 4 E * D R )  r C O S ( S V D E C E * O R ) * S I N ( S V R  
1B E * L R  1 9  S IK( S V D E C E  * D P  1 9  X S V P  t Y  S V P  9 Z S V P  r S V D E C F  v S V R A P1 
GO 10 5 

4 C A L L  R � C M E C  ( J D r C C S ( S V D t C E * C R  ) * C O S (  S V i ( A E * D K )  , C O S ( S V O E C E + D R ) * S I N ( S V R  
1 4 E * G R  1 9 S I h[ S V U E C E 4 0  P )  p X C L P  pY S V P  r ZSV P 9 SVDEC P r S V R 4 P  1 

c 
5 I F ( t % S T t P . L T . . @ 0 1 )  GC T C  6 

I B l = I F I X ( B F K S T )  
I B Z = I F I X I  R L 4 S T I  
I B 3 =  I F  I X ( B S T E P 1  
GO T O  7 

6 	 I B l = l J b O  
182= 1c c  G 
I B 2 = l C C C  

c 

7 D C  11 1 = 1 e i ~ i e 2 . 1 ~ 3  


C 
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B E l b = k L O A T  I )  
I f  ( 1  .EC.lCOC) E E l h = @ F R S T  
I F ( P b S ( S I N ( B E T A * D R )  l.LT.ABS(SIN(SVDECP*DR)) GO T C  1-1 

C 
C A L L  C R B I  T ( SVCECP 9 S L K 4 P  r\ ,  INF *HA* H P v  BET 4 r  49 E * X I  r W r O r  PUEC r P R A  rU  r KS ) 
I F ( T I M E . L T . o O 1 )  GC T O  8 
X F ; = S C R l  ( U / 4 * * 3 )  

ODOT=-3 . /Z . tXJZO*XN* ( R S / P ) * * Z / (  1.-E*E 
k D O T = 3 .  *X JZC*XN*( R S / 4 ) * * 2 / (  1.-E*E)**2*(  
k=k+InlCOT*T I M E * 2 4  .* 3 t E C  .1 *RE 
U=C+ G D C T * T  I ME *24. *36OO *R C 

PDEC =AS IN( S I k l  h * D R  1 * S  I N  IX I  *DR) *KO 

ShDt  L = l 6 N ( F C E C * C R ) / T b N  ( X  I * C R )  

C SDEL =SSDE L / T A  hrt W*D R /COS ( X  I *DR) 

S D E L = A T A N Z (  S S D E L r C S D E L  *RD 

PRP=ANGLE ( O + S D E L )  


8 C O N T I N U E  

) * * Z * C C S ( X I * D R )
1.0-5 ./4 .*S I N ( X  I * D R l * * 2 )  

I F ( I B C O Y . E Q o 2 )  k R I T E ( 6 r 1 3 2 )  B E T 4 r T I M E  
I F ( I B 3 C Y . E Q . 4 )  r J R I T E ( 6  r l C 3 )  B E T 4 r T I V E  

C 
C 4 L L  R X Y Z P C h  (0. r C  9 0 .  r X  I r h r O  rRPQb4 r V P  r V O r  VM)  
C A L L  CDT ( +RPQW ( 29 1) 9 tRP(;W ( 2  r 2 1 r+RPQki  ( 2  r 3  I r S X r  S Y  r S Z  r THRUST 
C A L L  D C T (  COS( SVDECP *CR 1 *CCS(  SVK4P*DK).r  COS( S L U f C P * O R  I * S I N (  S V K A P * D R l  

1* S I N (  SVDECP*DR)  r S X  r S Y r S Z r  Z A P )
SUP= P C O S t  U/ IU t t  R S t I - P ) * V I N F * * 2 )  1 *KD 

V P E = S ~ R T ( U * ( K S + l - 4  l / A / ( R S + H P )  
L P H = 5 ? R T ( V I N F * * 2 + 2 . * U /  P S + H P )  I 
DE L L = V PH-V PE 
V A E = V P E * (  ( 1 . - E ) / ( l  . + E l )  
P E R I O O = 2 . ~ P I * S Q K T ( 4 * s 3 / U ) / 3 6 C O .  

C 
k R I T E ( 6  ~ 1 0 4 )SVDECE r S V P ~ E r L I h F r S V U E C P r S V R A Pp H 4 r H P 9  J D * P D E C q P P a p  1 ( R P  

1Pk( J r K )  r K = l  r 3  ) r  :=1r  3) r T H H L S T r  A r  E 1x1  r W r O r D t C S r R A S r  DECK * R A E *  S X  r S Y  r S Z  
2 p E 3  9 k Y r  F Z  r P t  P I C 0  r C X  * C Y  r CZ r ZAP r S V P r V P E r  V 4 E r  V FHr D E L V r X  J 2 0  

C 
I F ( S U " l . L T . . O l l  GO T U  12 
C P L L  S U N ( S X r S Y r S Z r S L ~ B r b r E I X I I W I O , R P Q W , V I P S , 1 )  

1 2  C 4 L L  CCCUL 1( 4 E r X  I 9 C 9 0  r L  RS SX r SY r S  Z r T  OCC r T 1 9  4 L T  1 9  F 1  r D E C l  r R d l  r T 2  r 4 
l L T Z r F 2 r D E C 2 r R A . 2  r K K )  

k R  I T  E (15r l  C5 1 TCCC 9 1 1  rF 19 P L T  1r OEC 1r R A l p  1 2 1F 2  r 4 L T Z r  D E C 2 r  R 4 2  
C A L L  OCCULT ( A  * E  * X I  r W r 3 r  Ur R S r E X r E Y  r E  Z r  TOCC r T  1 9 4 L T l r  F 1  r D E C l r  P A 1  r 12 r P 

1 L T 2  r F 2 r  D E C Z  r R P 2  r K K )  
hR1 l E ( 6  r l C 6 )  TUCC r T l r F l  r 4 L T l  r D E C l  r R A 1  r T 2 r F 2  r P L T 2 r  DEC2 r R 4 2  
C A L L  OCCULT ( A  9 E 9 x 1  r W  r i l r  Ur R S  r C X r C Y  r C  Z r  TOCC r T  1r A L T  l r  F l  r O E C l r  R A l  p 12 r 4 

l L T 2 r f 2 r D E C 2 r K P Z r K K )  
W R I T E  ( 6  r l C  7 1 TOCC r 11rF 1r A L T  1r U E C l r R P 1 r  T 2 r  F 2  r A L T 2  r C E C 2  r R A 2  

11 C O N T I N U E  
c 


IF (TSTEP.LT. .@GL)  G O  T O  6 C C  
I F ( T 1 M E . G E . T L A S T )  G C  T U  600 
T I M E = T I M E + T S T E P  
WJC=h J U + F L O P T  ( 1 F I X  ( T S T  EP 1 
F J C = F J D + A P G D (  T S T E P  r l . 1  
JC=h J C + F J D  
GC TC 2 
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c 

1!31 F O P M C l ( l H 1  / / / I1 7 H  J U L I  A N  UP TE F 2 C 1/ /22X r 2 2 HY t. :i R MI: 
1NTt - U 4 Y / / 2 2 H  CALENCER C 4 T E  r 1 4 r 5 % r I 3 ~ 7 X r 1 3 / / 2 2 H  A K R I V 4 L  
2 G A T E  r 1 4 r 5 X r I 3 r 7 X t I  3) 

1 0 2  F C P M b T ( + 1 * / / / / 1 4 X r *  B E T 4  = * r F 9 . 4 * 4 X 9 * ( V E N U S  E Q U I T O R  9 

l V � N U S  E O U I N C X ) * / 1 4 X  ** T I M E  PAST A R R I V A L  = * r F 8 . 1  e *  DAYS* 1 
l C 3  F U F C C T ( * l * / / / / l 4 X r *  B E T 4  = * r F 9 0 4 , 4 X r * ( M A R S  EQUATOR9 M 

l 4 R S  E C U I N O X ) * / 1 4 X r *  T I M E  PAST A R R I V A L  = * v F E . l r *  DAYS*  1 
1 C 4  F O F M b T ( l H C / r 9 k  S U C E C E = E 1 6 . 8 r l O H  SVRAE = E 1 6 . 8 r l C H  V I N F  z E 1 6 . 8  

l r 1 3 1 - I  S V C E C P = E 1 6 . 8 / 9 H  S L P 4 P  = E 1 6 . 8 r 1 3 H  k 4  = E 1 6  - 8 9  1 0 H  HP 
2 = E 1 6 . 8 r '  1CH J U  P L A T  = E 1 6 * 8 t 1 0 H  P L O h G  = E 1 6 . 8 r l C 1

P Y3 H  PX = t 1 6 . e r l O H  
= E l C . a / S H  

= E l 6 . 8 / ¶ H  P Z  = E 1 6 . 8 * l O H - C X  ­
4 E 1 6 . 8 r l O H  UY = E 1 6 . 8 r  10H GZ = E l 6 . 8 / 9 H  IrX = E 1 6 * 8 r l C ) H  
5 kY = E 1 6 . 8 r l C H  WZ = E 1 6 * 8 r l O H  V f L S L N = E l 6 . 8 / 9 H  SMA = E 1 6  
6 0 8 t l L k  E C C  = E l t . 6 r  1 0 H  I N C  = E 1 6 0 8  r 1 C k  A R G P E R = E 1 6 * 8 / 9 H  A R  
7 G N C O = E 1 6 e H r  l o t i  C � C S J N = E l 6 . 8 r  1 0 H  RASUN ~ � 1 6 . 8r l O H  D E C E T H = E l h .  
8 8 / 9 k  KAETI .  = E 1 6 * 8 r l C H  XSUN = E L 6 . 8 r  1CH YSUN = E 1 6 * 8 r l O H  ZSU 
9 N  = E 1 6 . 8 / $ k  X E 4 H T k = E 1 6 . 8 r l O H  Y E a R T H = E 1 6 . 8 r  1 0 H  Z E A R T H = E l 6 . 8 * 1  
1CH PE KI OU=E 16 8/S k XCA h'PS=E 16  8 1OH Y C PN PS=E 16 8 9 1OH ZC AN P S 
Z = E l C . E r l C H  ZAP = E 1 6 . 8 / 9 H  SVP = E 1 6 . 8 r  1GH VPE = E 1 6 . 8 r l @ H  
3 V A E  = E 1 6 . 6 r l Q H  VPH = � 1 6 . 8 / 9 H  DELV = E 1 6 . 8 r l O H  X J 2 0  = E l  
4 6 . 8 )  

1C5 F O R M A T ( 2 2 H C  SCIN G C C C C T A T I C K  T I M E l S X r F 1 1 * 2 / 2 3 H  ENTER SUN O C C U L T A T I  
l O N r 1 4 X r 5 F 1 1 . 2 / 2 - 2 h  E X I T  SUN O C C U L T A T I O N r l S X  r 5 F 1 1 . 2  1 

1C6.  F O F C A T ( 2 4 H C  E A K T k  O C C U L T A T I O h  T I M E r 1 3 X 1 F 1 1 . 2 / 2 5 H  ENTER E A R T H  OCCU 
l L T C I T  I O N r l Z X r 5 F 1 1 . 2 / 2 4 H  f X I T  EARTH O C C U L T A T I O N r 1 3 X r 5 F l 1 . 2 )  

1 C 7  F O E P A T ( 2 6 H C  C A N 3 P l j S  O C C U L T 4 T I O N  T I M E 9 1  l X r F l  1 . 2 / 2 7 H  ENTER C@NOPUS 
l f l C C U L T 4 T  I O N  t l O X  1 5 F  1 1 . 2 / 2 6 H  EX I T  C4NOPUS O C C U L T A T I O N  9 1  1 X  p 5  F 1 1  a 2  1 

800 S T O P  

0 
C 

c 

C 

C 

C 

C 

C 

C 
C 

c 

E h D  

S L B P L L T I h E  J U L C P L l  X rW0 11F D I r  I N D  

T H I S  S U B K O L T I h E  CChVERTS A G I V E N  J U L I A N  DATE OR THE NUMBER OF 
WHOL� ANU F P A C T I G N A L  D 4 Y S  S I N C E  J4NUARY l r  1 9 5 0 9  0 H R S e r  TC THE 
C O F F k S F L N C I h G  CPLENLAK DATE.  

W D I  - I N T E G R A L  PPRT O F  J U L I 4 r U  DATE CR WHOLE NUMBER OF DAYS S I N C E  
J 4 h U 4 F Y  l r  1 S 5 0 ,  C FRS. 

F C I  - F R A C T I C h A L  P P R T  O F  J L L I A N  DATE O K  F R A C T I O N A L  NUMBER O F  DAYS 
S I N C E  J 4 h U 4 R Y  1 9  1 9 5 0 9  3 HKS. 

I N C  - CCNTRCL I h T E C E K .  0 I M P L I E S  J U L I A N  D A T E r l  I N P L I E S  DAYS 
X ( 1 - 6 )  - CPLENCPR CCTE ( Y E A R I Y O N T H I D ~ Y I H O U R ~ M I N U T E I S E C O N U  I 

C 
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I F L k C )  1 0 0  1007 
7 	 h=h+l 

Z = Z + l .  . 
CK=O-Z 
I F ( C K I 9 r 9 r 8  

8 	 D Y = 3 t E .  
F C = 2 8 .  
G G ' T C  6 

s D Y = 3 C t .  

ci=c+4. 
F C = 2  S o  
GO TO 6 

10 k'C=hG+GY 

co 11 I = l r l i  
11 4 ( 1 ) = C .  

C l = 3 1  . 
C2-2C. 

DO 13 I = l r l >  


4 (  I )=1. 

C A = F C * A ( Z ) + C l * ( 4 (  1) + A (  3 ) + A ( 5 ) t A ( 7 ) + A ( 8 ) + A I  

1 b ( 6 ) + A ( 9 ) + P (  11) 1 
h (  I )=HU-CA 
I F ( k (  I ) ) 1 2 1 1 2 0 1 3  

12  I F ( I - l ) 1 5 1 1 5 1 1 6  
1 5  MON=1 

GO TO 1 4  
1 6  	M O N = I - 1  

WD=k( P C h )  
NC A =  MC N +1 
GO 70 1 4  

13 C O N T I N U E  
14 	N = N + 5 3  

X (  l ) = N  
X ( 2  )=PCN 
X (  3)=hLJ 
FH=F C * 2 4  
N = F b  
X i  4 ) = N  
F M = ( F H - X ( 4 )  )*60. 
N =FW 
X ( 5 ) = N  
X ( 6 ) = l F M - X ( 5 )  )*60. 
P E T U P h  
EN 0 

1 C ) + A (  1 2 )  I + C Z * ( A ( 4 ) +  

SL EFOUT I N  E REQV EQ t JU IXE CI Y E C  I2 k O  t X V E 6 ) r Y  VEQ r Z V E Q r  DECVEQ r R A V E C )  
C 
C T H I S  S U e P U U T I N E  R O l P T E S  A VECTOR F R C C  THE MEAN E A R T H  EOUATOH-
C L Q L I F I G X  TO VkE P E A h  V E N l S  EQUATOK-EGUINGX C C O R D I N A T E  SYSTEM. T H I S  
C R U L T I N E  C A L L S  S U B R O U T I N E S  H E C P E U  4ND L A T L N G .  
C 
C. JG - J U L I A h  D A T E  A T  T I M E  O F  I N T E R � S T .  
C XECIY�OIZEO - V E C T O F  I N  T k E  E A R T H  E Q U P T O K I A L  S Y S T E M  
C X V E C r Y V k O . Z L E Q  - VECTOR Ik T h E  V E N U S  E Q U A T O R I A L  S Y S T E M  
E C E C b E 3 r R A V E Q  - D E C L I N A T I O N  AND R I G H T  A S C E N S I C N  OF T H E  VECTOR I N  
C TPE V E N U S  E C U 4 T O K I  AL  S Y S T E M  
C 

H t b L  JD 
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r
L 

A L FH P O= 27 2 7 5 

G 4 C C 4 C = 7 1 * 5 C  

O M E 6 A = 7 5 . 7 7 ‘ C 4 E + C . @ F ~ 8 ~ ~ * T E + ~ . ~ O ~ 4 1 1 * T E * * Z  

)1=3.3S363G+O.CfI lOC 5 * T  E-C .57CE-6+TE **2 

C 
C P L L  H E  CP EQ ( J C 9 4 L P  HA Cr G4MMA 0 *EMEG P r X I 9 X EO Y EC r ZE Q XVE Q 9 YVEQ t ZVEQ 1 
C 4 L L LA T L KG IX \IE G 9 Y P t di t 2V E C 9 0ECV E Q t H A V E 0 1 

c 

P E l l R N  
E N C  


S U @ P C U T I h E  P E C M E C l  J C  r X E L i r Y  E Q r Z  EQtXNEQt Y Y E C r  ZMEO,DECMEQrRAMEC) 
C 

C T H I F  S L B l i O L f I f G E  R O T A T E S  4 V E C T C R  F F C M  THE MEAN E d R T H  EQUPTCP- 

C EQl i JNOX TO 7HE #�Ah M A R S  EQUATOR-EQUINCX C O C R D I N A T E  S Y S T E M *  T H I S  

C R O L T I E U �  C P L L S  S L B P C L T I N E S  REQPEQ AFIC L 4 T L N G .  

C 

C JD - J U L I A N  C O T E - PT T I M E  OF I N T E R E S T  

C XEC,YEO*ZEQ - VECTOR I N  THE E A R T H  E U U 4 T O R I A L  S Y S T E M  

C X M k C r Y M E Q r Z C E O  - VECTOR I h :  THE M A R S  EQUPTOR 1 4 L  S Y S T E M  

C f lECb ’�CrK4PEC - C E C L  I h 4 T  ICh 4ND R I G H T  4 S C E N S  I O Y  O F  T H E  VECTOR I N  

C THE P A R S  E Q l i A T O h I A L  S Y S T E P  

C 

T E = (  J C - 2 4  1 5 C 2 G  1 / 3 6  5 2 5 .  
T A I r = A  CCD L T E *1C‘J - 9  

TP = T  E *  LCC: .-T4U- 5 C. 
1 1 

C 
4 L P t - 4 C z 3 1 7  7$3416667+3 - 6 5  2(! 833E-2*1  F - 0  . n r l  C 13 * T 4 U  
G A H C A 3 =  54 .t 5 i5CCOCC tC. CC35*TP-G .303 C 3 1 * T  AU 
Cb‘ E C A =  4 E ? E  6 44167+ C 77099 I67*T E-3 1 3 88 E 8 8 9 E  -5* TE**2 
X I  = 1 E5C333333-C 6 7 5 E - 3 * T E + O  126111 11�-4*TE **2 

C 
C 4 L L  R E  &PEG IJC r6LPkPOp CAPf’4OpCMEG4,XI r XECIY E C p  Z E Q r X M E Q r Y M E G t  ZMEQ) 
C A L L  L P T L N G  ( X P E C  r Y V  EC r ZPEQ r DECMEQt R 4 C E  Q 1 

R E  T L R K  

EhC 


SlJBPCUT I N E  PECPEQ I J C  r AL PHAO r G4MMAOr Ct’EG4r X I  9 NEB, Y E Q t  ZEQ rXP Ea r Y P E Q t  
1 Z P E Q )  

C 
C T k I S  S L B K G L l I  hE R G l b l E S  A VECTOR F F C H  M E 4 h  E d R T H  EQU4TOR-EOU I N O X  
C TO P L P N E T  E Q U A T C R - E C U I N C X  C O O R D I N A T E  SYSTEM. T H I S  R O U T I N E  C A L L S  
C S L E C C L T  I N E  EULER. 
C 
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I; JC - JULIAh C b T E  A T  T I M E  OF I Y T E R E S T  

C 4 L P I - d 0 r G A M M @ O  - R I G b T  ASCEFtS ION AND D E C L I N A T I O N  OF T H E  P L A N E T S  

C A X I S  CF R O T A T I C N  EXPRESSED IN THE EARTH E O U A T O R I 4 L  

C CUORC IN 4 T E  S Y  STE C 

C C H E G A r X I  - L O N G I T b C E  3 F  T H E  A S C E N D I h G  NODE 6ND I N C L I N A T I O N  O f  THE 

C F L A N E T S  C R B I T d L  P L A N E  REFERENCEC TO TI-E E C L I P T I C  AND 

C VERNAL ECUINCIX 

C X E C r Y E C V Z E C  - CCMPChENTS OF T H E  VECTCR I N  TkE E A R T H  E Q U A T O R I A L  

C C CORD I N 4 T E  SY S T  EM 

C XPECIYPEOIZPEO - C G C P O N E h l S  OF THE VECTOR I h  THE P L A N E T  E Q U b T O R I 4 L  

C CO(3RDIN4TE SYSTEM 


R E t L  J C  

D I M E h S I C N  P P Q W ( 3 r 3 )  

D G =  0 C i 7453 292 5 1994 3 

R E = ?  7.25 5 7 i 5 5 1 3 C 8 2 3  

T E = t  J C - 2 4  1 5 0 2 G  ) / 3 t  5 2 5 0  
E = 2 3  - 4 5 2 2  5444-0-1 3 C  1 2 5 E - l * T  

I* 3 
C 

CE=COS(  E W P )  
S E = S  I N 1  E*DR 1 
C A L = C O S ( 4 L P H 4 0 + C R )  
S A L =  S I h (  A L P h A C  *DR 1 
C G M = C d S ( G A C P A C + D R )  
SGY= S I N  (GACCAC*CR 1 
CC C = C C S  (CMEG A * C  P 1 
S O C = S  I N  ( O Y E G A * C R )  

C 
C Z  P=CE *SC P*C dL -GEM* S @L 
S Z P = S Q K T (  1.-CZP*CZF I 
Z P = 4 1  d N 2  4 S 2F r C Z  P 1 * R  C 
SXP= CE *C AL/ SZP 

E-0 1 6 3 E  8 8 8 9 E - 5  * 1E **2+0050 2 7 7 7 7 8  E - 6 * T E *  

CXP=( - C E*CC P*CPL - CC Y * S  AL ) / S  Z P 

XP= P T ay 2 ( s X P  * C  XP *R c 

SVF= SE* SOP / 5 2 P 


C V F =  (CE*SCC*S P L + C C Y * C A L  ) / S Z P  

Y P = A T h N Z (  S Y F r C Y P ) * R C  


C I = C C S (  ( X P - X  I)*CP ) * S  I N (  (Y  F-GAMMAC)*DR 1 + S I N (  ( X P - X I  )+DR )+COS ( (  YP-G4Y 
l M A O ) * C R ) * C Z F  

S I = S C R T I l o - C I * C I )  

S h P = S L P * S  I l k ( (  X F - X I ) * D R ) / S I  
C k F =  (-CCS t I XP-X I 1 * C  R )  +CCS I ( Y  F-GPMM 6 0  ) * C R  +S I N (  ( XP-X I 1 *DR ) * S  I N (  ( Y P­

l G b M M P O ) * G R I * C Z P  )IS I 
k P = P T A N 2 (  SWFrCWF ) * G O  

C 4 L L  ELJLER( ) E C I Y E C I Z E O I X P E O ~ Y P E O , Z P E O I  ~ O . + A L P H P O I W P + ~ R O .  r 9 0 o - G A M M 4  
10 r C  . * 3  0 r o o  r c 9 0  0 rO 0 r 1rc !  

R E T U P h  
EN C 
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t 

C 
C 
C 
C 
C 

C 
C 
C 
L 


c 

C 
C 
C 
C 
C 
( 
C 
C 

C 

C 

C 

C 


C 


S U B P O U T  I N E  RECEQ (JC r XECr YEC r Z E C r  XEQ ~ Y E Q I Z E O1 


T I - I S  S U @ R O U T I N E  R O T d T E S  A VECTOR FRCM THE MEAN E O U I N O X  AND E C L I P T I C  

O F  L A T E  T O  THE M E P k  E A R T H  E Q U I N O X  AND EGUATCR OF D 4 T E  C O O R O I N 4 T E  SVSTEM 


J C  - J U L I P N  C P T E  
X E C e V E C r Z E C  - CCMPChENTS OF T H E  VECTOR I N  ThE MEAN E O U I N O X  AND E C L I P T I C  

OF G b T E  C O O R C I N A T E  S Y S T E M  
XECIYECIZEC - C C P F C h E N T S  GF THE VECTOR I N  T k E  ME4N E 4 R T H  E O U I N O X  AND 

EOUbTGR OF C A T E  C O O R D I N A T E  S Y S T E M  

R E b L  JD 

D R = o C 1 7 4 5 3 2 S 2 5 1 S 5 4 3  

JE=( JD-2415t20, J /36525*

XIE~23o452294~0~013Cl25*TE~OoOOOOOl64*TE**2+OoOOOGOO5O3*TE**3 

C= C C S  ( X I E *OR 1 

S=S 1N ( X I E * C P  1 

XEO=XEC 

YE C= LEC * C - Z E C * S  

Z EL=Y EC*S+Z EC JK 

RETURN 

E NO 


S U B F C U T I N E  F X Y Z f Q C ( b X ~ V Yr V Z  9 x 1  r W r O r R P P W v V P r  L O r V W )  

T H I S  S L i B R O U T I h E  R C T d T E S  A VECTOR FROM THE X L Z  TO T H E  POW C O O R D I N A T E  

SYSTEM 


L X r b Y * L Z  - COMPCNECTS CF THE VECTOR I N  T H E  X Y Z  S Y S T E M  

X I r k e C  - I b i C L I N 4 T I O h r  ARGUCENT OF P E R I d P S I S r  4ND L O N G I T U D E  OF 


T k E  b S C E h D I N G  NOQE 
R P L k  - R O T A T I E k d L  P A T R I X  F F C M  T H E  X Y Z  TO T H E  POW S Y S T E M  
V P r L O r V W  - CGPFCFiEhTS OF THE VECTOR I N  T H E  PBH SYSTEM 

DI IV ,ENSICN RPQW ( 3 9 3  1 

D R = . C l i 4 5 3 2 5 2 5 1 S S 4 3  


CW=CC S I W* CR 1 .  

Sw=SIh( W*DR) 

CO-COS ( O * D R  1 

SO=S I N (O*CR ) 

C X  I = C O  C (  X I*DK 1 

SX I=S I N ( X  I * D R  1 


FPCW ( 1 9 1  ) = C k * C O - S k * S O * C X I  

P P C h  (1v 2 1  =Ck*SG+SW*CC*CXI 

FPLW 11r 3 1 =Sk* CX I 

R P0W ( 2 r 11=- CW *C C-C k *SO *CX I 

RPC h ( 2 r 2)=-SW* SO+Ch*CO*CX I 

R P C h ( 2 r 3  ) = C k * S X I  

RPOW (3rl)=SC*SX I 

R P Q k  13 r Z ) = - C O * S X  I 

R P C k ( 3 r 3 ) = C X I  


V P = R P O k ( l  r l ) * L X + R P C k ( l r 2 1 * V Y + R P Q W ( 1 1 3 ) * V Z  
VG=PPc)id (2p 1) * V X + R P C  h ( 2  r 2 1 *VY+RPQW I 2 9 3 ) * V Z
L k=RPd k ( 3 9 11*V 8 t R  PGk ( 3  9 2 1* VY+ RPQW ( 3  r 3) *VL 

R E T U R N  
ENC 
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S L E F C L T  IN� R P C h X Y Z  ( LP r VU r V k r  X I  rW,Li r  RXY 2 1VX r L Y  r V Z )  
C 
C T h I S  S L @ R O L T I h E  RCTCLTES c\ VECTOR FHCM T H E  PCW TO THE X Y Z  
C COORCIN 4 T  E S Y S T  EC 
C 
c V P v L Q r V W  - C C P F C h E P l S  C f  T H E  VECTOR I N  T H E  F Q W  SYSTEM 
C- X I r k r J  - I N C L I h A T I L N r  AKGUCENT OF P E R I A P S I S  r L O N G I T U D E  OF CLSCENDING 
C NOCE 
C R X Y Z  - R U T A T I C h A L  P A T R I X  FROM T H E  POW TO TI -�  XYZ C O O R D I N 4 T E  S Y S T E M  
C V X r L Y r V Z  - C O P P C N E h T S  CF THE VECTDR I V  T H E  XYZ S Y S T E M  
C 

D I M E k S I O N  R X Y Z 1 3 r 3 )  
D R = . C 1 7 4 5 3 2 9 2 5 l c S 4 3  

C 
C k = C O S (  W*UR 1 
S J = S I N (  Y*CR 1 
CO=COS ( O*UR I 
SO=SIN(C*CRI 
C X I = C O S  I X I * C R )  
S X I = S I N ( X I * G R )

C 
RXYZ(lrlJ=Cb*CO-Sh*SO*CXI 
R X k Z ( I r 2 1 =- S k *C C-C h *SO* CX I 
R X Y Z I l r 3 ) = S C * S X I  
RXYZ(Zrl)=Ck*SO+Sk*CO*CXI 

R X Y Z 1 2 r 2  ) = - S k * S C + C k * C O * C X I  

R X Y Z  ( 2  9 3 )  =-CO*S X I  

RX'LZ ( 3  r 1) = S h * S X  I 

R X Y Z l r l r 2  ) = C t * S X I  

R X Y Z ( 3 r S ) = C X I  


VXZRXYZ ( 111I * V P + H X Y Z (  1r 2 )  *VQ+RXY Z ( 193)  *VW 

VY=RXY Z ( 2 9 1) *VP+KXY Z (  2 r  P ) * V Q + R X Y Z  ( 2  r 3  J * V W  

V Z  =R XYZ t 3 9 1 1-0:b F+ R X Y 2 I 3 r 2 J * bI;)+RXY Z ( 3 r 3 J *VW 


R E l C F h  

�N C 


S U B F C U T I N E  E E A R T H ( J C I X ~ E ~ Y H E ~ Z H E , D X H E ~ D Y H E )  

THIS S L i B R G U T I h E  C C C F U T E S  TI-E H E L I O C E N T R I C  P C S I T I C h i  AND V E L O C I T Y  O F  

T k E  E b F T H  I h  MECLN E C U I N O X  PND E C L I P T I C  O F  D b T E  C f l O R D I N A T E  SYSTEM. 

T I - I S  R O U T I h F  C A L L S  S L B P C U T I N E S  T I N V S  AND CCFC4R. 


J D  - J U L I 4 N  C F T E  

X b E r Y I - E r Z b I E  - P C S I T I C N  OF ECLRTH 

C X k E r C Y I - E r C Z k E  - V E L C C I T Y  G F  E A R T H  


R E P 1  JD 

4 N G L ~ ( X I = A M C D ( X r 3 ~ C . l + l 8 C ~ . - S I G N ( 1 8 0 . r X )  

DR= C 174532 S2 5 1$94 3 

R C = 5  7 - 2  5 5 7  7 5 5  1 3 %82 3 

U S L N = 1 - 3 2 7 1 5 4 4 5 E + l l  

A U Z 1 4 5 5 5  eE45 
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O= J C - 2 4  1502 C . 

C C = C / l t C C C  . 

T E = C / 3 t  52  5 


4 E = l  .C OCjOC C23 *A L 

Et=t~016751C4-CoOOCC4l8C*TE~CoGOOOOOlZ6*TE**Z 

X I  E = C  C 

k r E = l C  1 . 2 2 O 8 3 ? + C  mCCC.(47C68*C+C. 000*339*CO**Z~0.0@CC00~7*CD**3 

C E = C  .G 

X M E r A N G L E  I35f .475E45+C0 9R560@267*Q-C.CC OC112*CD**2 -O,OOOO3OC7*CD** 


13) 

C 


C A L L  T I N V S I X M E ~ C P r � E r E C E r F E )  
C A L L  CCNCAP 14E t E E r X I E  ~ W E I O E ~ F E ~ R D ~ X ~ E , Y H E ~ Z ~ E ~ O X ~ E ,DY HE, D Z F E r U S U N  1 

C 
R E T U P h  
EN c 

SL E b O L T  Ih E EV E h l  S ( JC r Xi- \i r Y  H V  r ZHV r DXHV r DYHV 9 CZHV ) 

T H I S  S U B R C L l i h E  CCCFUTES THE M E A N  I - E L I O C E N T F I C  P O S I T I O N  AND 

V E L C C I T Y  OF V E N L S  I h  T H E  WEAF, E A R T H  E Q U I N O X  AN0 E C L I P T I C  O F  D A T E  

CCCFUI13AT�  SYSTEM. T I - I S  R C U T I N E  C 4 L L S  S L B R O L T I N E S  T I N V S  AND C O N C 4 R  


JD - J U L I A h  C P T E  

X H t r Y H b r Z H V  - P U S l T I C N  O F  VENUS 

D X I - V r D Y H V r D Z H V  - V E l C C I  TY GF V F N U S  


R E A L  JD 

ANGL E 4 X ) = P P C D  I ,X r 3  6C ) +180o - S  I GN I 180- p X 1 

O K = . C 1 7 4 5 3 2 S 2 5 1 5 9 4 ?  

RD= 5 7 . 2  5 5 7 755  130E23 

L S L k = l . 3 2 7 1 5 4 4 5 k + l l  

A U = 1 4 S 5 $ 8 @ 4 5 .  


Q= J D - 2 4 1 5  C2 C 

CD= C / l3OOC. 

T E  =O / 36 5 2  5 


A V = C . 7 Z 3 3 ? l t * d U  

E V =C .C C 682 C 6 9- C .C;CC 047 74* TE 

X I  \=3 .393C3C+O .CSlC C 5*TE-C. C C C C 0 3 9 7 * 1 E * * 2  

CV= 7 5 . 7  7964E+C. 8 S S E  59*TE+CoOC0411 * T E * * 2  

W V = 1 3 0  l E C 5 C C + 1 . 4 C E C 3 6 * T E - P . 0 0 0 9 7 6 4 T E 4 * 2 - ~ V  

Xlrrk=bKGLf (21 2 . 6 0 3 2 1 9 + 1  . t G 2 1 3 C 1 5 4 C * D + C  . C O C 0 9 6 4 3 3 * C D * * 2  1 


C 
C P L L  T INLSf > # b * D P  r E  L r E C V r F V 1  
C A L L  CCNC b R  ( 4  t, EV ,X I V r h V  r O V  r F V * R U r X H V  r Y H V  r Z F V  pDXHV r O Y H V r  D Z F V  r U S U N  1 

C 
RETURN 
�NU 
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S U E R O U T I N E  EMARS( JD r X H M * Y H M r Z H M r D X H C r D Y H M ~ D 2 H + l )  

THIS S U B R O L l I k E  COMPUTES T H E  MEAN H E L I C C E N T F I C  P O S I T I O N  

V E L O C I T Y  OF HARS IF; T h E  MEAN E A R T H  E Q U I N O X  PNL) E C L I P T I C  

C O O R O I N 4 T E  5 Y S l E Y .  T H I S  R C U T I N E  C A L L S  S U B R C U T I N E S  T I N V S  


J C  - J U L I A N  D A T E  

P k H r Y h M v Z H M  - P C S I T  ION O f  MARS 

D X k C r C Y H M r D Z H M  - V E L O C I T Y  OF MARS 


R E P 1  J C  
4 N C L E ( X ) = 4 ~ C D ( X r 3 6 0 . ) + 1 8 ~ o - S I G N ( 1 8 O . ~ X ~  
CR= * C  1745 2 2  92 5 1sS 4 3 
R C = 5 7 . 2 5 5 7 7 5 5 1 ? C @ 2 3  
U S U N = 1  327 1 5 4 4 5  E+ 11 
P U = 1 4 9 5 9 8 � 4 5  

D= JC-2  415 02 0 
cc=c/1cooo. 
T E = 0 / 3 0 5 2 5 .  

AM= 1 . 5 2 3 6 9  1C*AU 
E H ~ C ~ C S 3 3 1 2 9 C + O ~ G O C C 9 2 C J ~ 4 * T E ~ O ~ O C ~ O ~ O ~ 7 7 * T E * * 2  
X I M = 1.8 50 33 4-C C C C 6  75* T E+ 0 OO@0 12 * T  E** 2 

AND 

OF L A T E  

4 N C  CONC4R 


C 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 

GM=4 t!.  7E644;+C 77CS 5 14;TE-C. CCOOO15* TE**2-0. C @ 0 3 0 5 7 6 * T E * * 3  

H M = 3 3 4  2 1e2 C 3+ 1. E 4 C  7 598 TE + C  -03013CI*T� * *2 -0 CO300 129 * T  E**3-OM 

XMH=ANGLE (319  - 5 2 5 4 2  5 + C .  5 2 4 @ 2 0 7 6 6 6 * L ~ + C. 0 0 0 0 1 ~ 5 5 3 * C D * * 2 + O . O ~ O O G O O 2 5 +  


l C C * * 3 )  


C A L L  l I N V S ( X M C * C F r E P * E C ~ r F M )  

C A L L  CCNCAR ( A M  r EM r X  I M P  WMrCMrFM*RD r X H M r Y H M  r Z k M  r UXHMr D Y H M r D Z H M r U S U N  1 


R E T L h N  

E N D  


S~JBPOU'II b l E  S U h (  S X r C L r S Z  r S U N 6  r A  r E r X  IrW r f l r  R P C l r r  UI R S r  KK 1 

T H I S  S U B R O L T I N E  CCMPUTES TI-E P G S I T I C K S  I N  O E B I T  r l H I C H  CORRESPOND 
TG b A R I O U S  L I G I - T I A G  ANGLES AND W R I T E S  OUTPUT DATA.  T H I S  R O L T I N E  
C 4 L L 5  S L B R O C T I N E S  SUlr ;B4KDr C C N C 4 R r  C 4 R S P H r  t N D  T C O N I C .  

SXIXYISZ - CGCPCNEhTS CF T H E  U N I T  VECTOR F R C M  T H E  P L A N E T  T O k 4 R D  
T H E  SUN 

S U K ' B ( 1 - 6 J  - L I G H l I h C .  ANGLES. ( A N G L E  EkTWEEK THE SUN VECTOR PND T H E  
S F 4 C E C R 4 F  T R A D I U S  VECTOR 

A r E  - S E M I P l b J O R  A X I S r  E C C E h T R I C I T Y  
X I r h r O  - I N C L I h 4 T I C h r  ARGLCENT OF P � R I 4 P S I S r  L O N G I T U D E  OF B S C E N D I N C  

KCCE 
RFCh - R C T P T I C h A L  M P T R I X  F R O C  T H E  XYZ TO TI-E POW C f l O R D I N 4 T E  SYSTEM 
U r R S  - G R A V I T A T I O h A L  C C K S T A N T  AND R A C I U S  OF T d E  P L A N E T  
KK - CCNTRGL I N T E G E R .  0 I K P L I E S  THAT X I r h r O  4 R E  I N P U T .  1 I M F L I E S  

1 H 4 T  RPQW I S  I h P U T .  

D I C E h S I G N  R P Q k ( 3 r 3 ) r S U h B ( C )  
OR= .C 1i 4 5 3 2  5 2 5  1994 3 
PNG P T =SOR T ( I / A *  *3 ) 
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C 


C 


c 

k4JR I 1  E [ 6 r 1C5 J 

DC 1C I = l r b  
IF( SLNBI I b .LT,.c~) GC T U  eco 
C A L L  S C N B A N C ( S X r S Y r S Z r S U N B I  I)rXIrWrOrRPQWrTClrTAZrITYPElrITVPE2rKK 

I )  
1FI I T Y P E l  . E C s C )  GC 10 10 

C 4 L L  CCNCbR ( 4 9  E I X I I ~r O  r T A L r X r Y r  Z r O X r D Y  r D Z r U 1  
C P L L  C P R S P t - I X f k r Z * D X * D Y  r O Z ~ R l ~ R A l r D E C l ~ V l ~ FF A l w A Z I  
C 4 L L  T C O N I C ( U r E r 4 r T 4 l r T l ~  

T 1= T 1/60. 

H l = R l - R  S 

b O H l = V l * C C S  ( F P 4 1 * C R  ) / H 1 

GC T C  ( l r Z r 3 r 4 )  r I T Y P E l  


1 hR 11E ( 6 r 1 C 1  I SUNB ( I1 r T 1r T 4 1  r H 1 r  D E C l  r R 4  1 9  VOH 1 

2 

3 

4 
C 


5 

6 


7 


8 

9 

C 

10 

c 


10 1 
102 
133 
104 
10 5 

C 


GO TO 5 

W R  I T E t  6 1102 1 SLNB (I1 r T  1r T  4 1  r H 1  ( D E L  1r R A 1 r  V O H l  

GO T G  5 

k R I l E ( 6  9103) S U N B t I  ) r T l r T 4 1 r H l  r D E C 1  r R 4 1 r V O H l  


GO TO 5 

W R I  1E (6 r 10 4 1 S U N 8  ( 1 I r T l r  T 4 l  r H 1  r D E C l  r R 4 1  r V O H 1  


C A L L  C C N C @ R ( 4 r E r r I r ~ r O r T 4 2 r X r Yr Z r D X  rDY r D Z r U )  
C A L L  C A K S P H l X r Y  r Z  r C X r D Y r D Z r R Z r R A Z r D E C 2  r V 2 r F F A 2 r A Z )  
C 4 L L  T C G N I C ( U  r E  r 4 r T 6 2 r T 2 )  
7 2 = 7  2 / 6 0  
H 2  = P 2 - R S  
V O F 2 = Y Z * C C S ( F  PAZ*DR )/HZ
CO TO ( 6 * 7 , 8 ~ 9 ) r I ? Y F E 2  
W R I T E ( 6 r 1 0 1 l  SUNB(1 1 r T Z r T A 2 r H 2 r O E C Z  r R 4 2 r V O H 2  
GO T C  1 c  
W H I l E 1 6 r 1 0 2 1  5 L N a ( I  1 r T 2  r 7 4 2 r H 2 r D E C 2 r R 4 2 r V O H 2  
GO T O  10 
h R I T E (  6 r l  C 3  1 St!hB( I)r T 2  r T P 2  r H 2  r D E C 2 r R 4 2 r V C H 2  
GO 10 10 
WR I T E (  6 t l C 4  1 SUN6 (I1 r T 2  r T  b 2  r H 2 r D E C Z r R 4 2  r V O H 2  

COh T I N U E  

F O F M P T ( 1 1 H  SUN A N G l E F S . l r 2 1 H  DEG AND I N C r  S/C A S C r 5 F l l * Z r F 1 4 . 8 1  
F O R P G T l l l H  SUN A N G L E F S . l * Z l H  DEG 4ND I N C I  S / C  C S C r 5 F l 1 . 2 r F l 4 . 8 )  
F O R M A T ( L 1 H  SUM A h G L E F S . l r 2 1 H  DEG AN8 DECr S/C 4 S C r 5 F l 1 . 2 r F 1 4 . 8 )  
F G P W P T I l l H  SUN A N G L E F S . l r 2 1 H  DEG AND DEC, I/C O S C r 5 F 1 1 * 2 r F 1 4 . 8 )  
F O R M  b T  ( 1HO r 4 1 X  r(t2k.T IME T o  A. 4L T DEC R A  

E O 0  	RETURN 
END 
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S U E P O L T I N E  SUNP 4NC(  5 X r  S Y r  S Z  * P S I  9 X I  r W r O  r R P 4 h  r T 4 1  r T A 2  r I T Y P E l  r I T Y P E Z  r 
1 K K )  

C 
C T H I S  S L B R O L l I N E  CCPFUTES T k E  P O S I T I C N  I N  O R E I T  WHICH CORRESPONDS 
C TO A G I V E N  L I G H T I N G  4NGLE. T H I S  R D U T I N E  C A L L S  SUBROUTINES RXYZPQW 
C PNC CACRAT 
C 
c S X r S Y o S Z  - C C P f C N E h T S  OF THE U N I T  VECTOR FRCM THE P L A N E T  TOkARDS 
C T H E  SUN 
C P S I  - L I G H T I N G  CNGLE. (PNGLE B E T H E E N  T H E  Sbh VECTOR 4ND T H E  
C S P 4 C E C R b F T  R I C I U S  V E C T O R )  
C X I * k r O  - I N C L I N A T I C h r  ARGUMENT O F  P E R I A P S I S r  L O N G I T U D E  OF 
C A S C E h D I N G  h O D E  
C RPGh - R O T A T I C N A L  M 4 T R I X  FRGM T H E  X Y Z  TO T k E  PQW C O O R D I N P T E  SYSTEM 
C T P l r T A 2  - F I R S T  (LhO SECGND TRUE A N O M A L I E S  CCRRESPONDING TO A 
C L I G H T  I NG ANGLE 
C I l Y P E l r I T Y P E 2  - C C h l R O L  I h T E G E R  TO I N D I C A T E  THE C O N D I T I O N S  P T  T A 1  
C AND T 4 2 .  0 I M P L I E S  NO SOLUTION.  1 I M P L I E S  P S I  I N C R E 4 S I N G  
C SPACECRPFT ASCENDING.  2 I P P L I E S  P S I  I N C R E A S I N G ,  S / C  
C CESCEhDIh 'G.  3 I P P L I E S  P S I  D E C R E 4 S l N G r  S / C  4SCENDING.  
C 4 I P P L I E S  P S I  C E C R E 4 S I N G r  S / C  DESCENDING.  
C KK - CCIVTRCL IF iTEGER.  0 I P P L I E S  T H 4 T  X I r W r O  4 R E  I F i P U T  AND RPQW IS 
C CUTPUT.  1 I M P L I E S  THAT RPQW IS I N F U T .  
C 

D I b � h S I C K  F F C h ( 3 r 3 )  
CR=oO 1 7 4 5 3 2 5 2 5 15 5 4 3  
I T V F E l = O  
I T Y P E 2 = O  
I F l K K . E O . 1 ) E O  T O  1 

C 4 1 L R X Y Z  P C k  ( S X  r S Y  r SZ r X  I rW r O r  RPQW r S P r  S Q rSW) 
GO TO 2 

1 	SP=PPCh ( 1 r l  ) * S X + R P C k ( l r 2  I * S Y + A P Q W ( l r 3 )  * S Z  
SP=RPOW(2 r l  I * S X + R P C b  1 2  92)  *SY+RPQW ( 2 9  3 ) * S Z  
Sk=PPOki ( 3  r l  ) * S X + P F C k  (3r 2 1 *SY+RPOW (39 3 )  *SZ 

2 	 A = S U * * 4 / S P * * 2 + 2  . *SQ**2+SP*+2 
B=-2 .*CCS ( P S I  *OR I * (  SQ**3 /SF**Z+SQ)  
C= Sk* *2+SQ*  * Z / S P * * Z * C O S (  P S  I*OR I **Z-SI N ( P S  I* CR 1**2 
C A L L  Q P D R 6 T ( A r B r C  r S F l r S F 2 r N U M )  
I F (  hLF.EQ.0 ) G C  TO 800 

I F I P E S L S F L )  .GTol.oCP.ABS(SF2).GT.l)GO T O  ECC 

T41=AT4NZ(SFlr(COS(PSI*CR)-SC*SFl)/SP)/DR 

T 4 2 = A T A N 2  ( SF2 r ( C C  S I F 5 I *OR ) - S Q * S  F 2 1/ S P  1 /DR 

S C P S  I = (  S P * S F l - S C * C C S ( T A l + C R )  ) I S  I N ( P S I * D R )  

4SCES=RPOW ( 2  v 3 1 *C C S  ( T A l * D  P I -RPO W (1r 3 1* S F 1  

I F  I SDPSIoGT.0 .  ANC. PSDESoGT 00. ) I  T Y P E 1 = 1  

IF(SCPSI.GT.O..aNC. rSUES.LT.0. ) I T Y P E l = 2  

I F  ( S C P S I  oLT.0. o 4 N C o  6SOES.GToO. 1 I T Y P E 1 = 3  

IF ( S O P S  I LT.0 Ch C. FSUES L T  - 0 .  # I T Y P E l z 4  

S D P S  I=
( SP * S  F2-SQ+CC S ( T A 2 * C R )  ) / S I N  ( P S  I *  DR 1 
ASCES=FPQW ( i r 3 ) * C C S ( T A 2 * D R ) - R P g H [ l r 3 )  + S F 2  
I F (  S D P S I - G T - 9 .  ChC. ASDESoGT -0. I I T Y P E 2 = 1  
I F  ( S C P S  I GT 00 .AND ASDE S o L T  .Go I I T Y P E 2 = 2  
I F  ( SCP SI .L T o 0  PNC 4SDES GT 00 1I T Y P E 2 = 3  
IF( SCP S I o L T  e 0  AFUD 4SDES L T  - 0 .  ) I T Y P  E 2 = 4  

800 	 C O N T I N U E  
RE TURN 
E NC 
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SUEROUT I N E  OCCULT ( P r E r  X I  r W r 0 r U 1 R S r  E X *  EY r E Z r T f l C C  r T 1  r A L T l r F l r D E C l r R  
l A l r T 2 r A L T 2 r F 2 r O E C 2 r R 4 2 r K K )  

C 

C THIS S L B K O L T I h E  CCYPUTES T E E  ENTRANCE AND E X I T  T R U E  A N O M A L I E S  (3F 


C O C C L L T 4 T I C N .  T H I S  PCUT I N E  C 4 L L S  S U B R O U T I N E S  R X Y Z P G H r  Q A R T I C r  
C CROSS, O O T r  T C C l Y I C r  R P d h X Y Z r  AND L A T L N G .  
c 
C A p E r X I  .. S E M I M P J O R  L X I S r  E C C E N T R I C I T Y *  I N C L I N A T I O N  
C W r 3  - PRGU.MENT CF PERIAPSISI L O N G I T U D E  OF P S C E N D I N G  NODE 
C UIRS - C R A V I T A T I C h A L  C a h S T P N T  AND R b C I U S  O F  THE P L A N E T  
C E X I E Y I ~ Z  - C C N F C N E h I S  OF b N I T  VECTOR TOWARD THE BODY OCCULTED 
C TOCC - L E N G T H  OF T I C E  I N  SHACOW 
C T L , b L T l r F 1 r C E C l p R P l  - CCNDITIONS 4 T  E N T R Y  I N T O  T H E  SHADOWp T I M E  
C FRCM P E P I b P S I S r  4 L T I T U D E r  TRUE 4NCM4LY D E C L I N 4 T  I O N 9  AND 
C R I G I - 1  ASCEhrSION 

C T 2 r P L T 2 r t 2 r C E C Z r R P Z  - C C R O I T I C N S  A T  E X I T  FRCM T F E  SH4DOW 

c K K  - CGNTROL INTEGER.  C I M P L I E S  NO O C C U L T A T I O N ,  1 I M P L I E S  C C C U L T ­
( 

D I  C �  hSIGN PPUW ( 39 31 r C F (  4 1 9  RXYZ (393 1 
PNCL E X )=A?JCD ( X r 3 B C  +18C .-S I G N (  180 9 X 1 
OR=. C 1 7  4 5  3 2 9 2 5  1 5 5 4  3 
AD=: 7.2 5577  55 13C 8 2 3 
F l = 2 C C C  
F 2 = 2 O O C  
K K = G  
P = A * (  l - E * E  1 
C P L L  R X Y Z P d k ( E X r E Y r E Z r X 1 , ~ e O e K P Q W r B E T A ~ X X I r Z B O D Y ~  
C 1 = (  R S / P  ) * * 4 * � * * 4 - 2  e * (  K S / P  )**2* IX X I  * * 2 - B E T A * * 2  1*E**2+( B f T A * * 2  + X X  I *  

1 * 2 1 * * 2  
C 2 = 4 . $ ( R S / P 1 * * 4 * E * * 3 - 4 . * ~ R S / P ) * ~ Z * (  X X I  * * 2 - @ E T 4 * * 2 ) * E  
C 3=6 * ( RS / P ) * *4 * E * *  2-2 .* ( RS/  P **2 *( X X  I * * 2 - 8  E T A** 2 1- 2 * (R S/ P 1**2 * I  1 

1 . - X X  I*+2 1 * E * * 2 + 2  .+( 8 x 1  4 ' * 2 - B E T 4 * * 2 ) * (  1 . - X X I  * * 2  1-4. * B E T 4 * * 2 * X X I * * 2  
C 4 = 4  * I  K S / P  1** 4 * E - 4  e *  ( R S  / P  )**2*( 1. - X X I  **2 1* E 
C 5 = (  R S /  P I  4 4 4 - 2 . 4  ( R S / P  1** 2*( 1.-XX I * * 2  I+(1.-X X I  * *2)**2 
C P L L  C A R T  I C  (Cl. C2.r C 3 r C 4 r  C 5  r C F (  1)(CF ( 21 r C F (  3 ) r  C F (  4 r JJ  1 
I F ( J J . E Q . 0 )  GO TO E O C  

C 


C A L L  CROSS ( F * C F  ( I ) v R*S F r  0 r B E T A  s X X I  r ZBODY r P  > r  P Y  e PZ r PRODUCT I 

C I L L  D O T ( C F (  I )  r S F r C .  I B E T A I X X I I Z B O D Y ~ A N G )  

I F ( P @ S ( P R O O U C T - R S )  . L T . . C l . P ~ N D . A N G . G T o 9 0 o )  GC TO 1 

S f  = - S f  

C A L L  CROSS ( R * C F  ( I 1 r P*SF 90 r 8 E T A  v XX I r ZBODY r P 8 r  P Y r  PZ r PRODUCT ) 

C 4 L L OC T ( CF ( I 1 r S F r O  *BE T4 r X X  I r ZBODY r ANG 1 

I F ( 4 B S I P R O O L C l - R S ~ . C T o  .Ol.PND.ANG.GT.9C.) GO TO 1 

GO T C  3 


1 	I F ( F l . L T o 1 C C O . J G O  T C  2 
f l . = A h G L E ( 4 T P N 2  ( S F r ( F ( I ) ) * R U )  
GO TU 3 

2 F 2 z b N G L E  4 PT CN2 I S F r C  F t 1 )  1 * R D  1 
G O  T C  4 

3 C O N T I N U E  
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4 IF (FZ.GT. lCC0.1GC T C  S O 0  
CF l = C O S  ( f l * D R  1 

DSCF=Z .*R S*R S * (  1 + E  +CF 1)*( -�*SF 1)+2. *P*P* 
SF 1=S I N  ( F  1*CR 1 

l * S F l + X X  I * C F l  I 
I F I D S D F o G T o C o  ) G O  TO 5 

T EHP=F 1 

F 1=F2 

F 2 - T  EHP 


5 	 C 4 L L  T C C h I C ( U * E v d r F l r T l )  
C A L L  TCUN I C ( U  r E  A I F  i r T 2 )  
l C C C = T 2 - T 1  

( B  E T 4 * C F  1 + X X J  *SF 11 * ( - B E T A  

I F  (TOCC .LT .C .1 TCCC =6.2.83 1 8 5  3 * S O R T (  A**3 /U) +TCCC 
7 1 = T 1 / 6 0  . 
T 2 = T 2 / 6 0 .  
TOCC=TUCC /60 

4L 1l = P /  ( 1. + E * C C S (  F 1 *OR 1 1 - P S  

A L T 2 = P / I l . + E * C O S ( F Z * D R l  1-RS 

C A L L  R P Q W X Y Z ( C C S ( F l * O R 1 r S I N ( F l * D R ~ ~ C . r X I 1 W I C I R X Y Z ~ ~ X ~ R Y ~ ~ Z ~  

C A L L  L A T L N G ( R X * R Y I R Z I D E C ~ ~ P ~ ~ )  

C A L L A PCW XY Z ( CC S ( F2 * CR I r S I N  ( F 2*DK 1 9 0 * X I  t W r C R X Y  Z r RX r R Y  rR 2 1 

C 4 L L  L 4 T L h G  ( R X V R Y I R ~ * D E C ~ ~ R ~ Z1 

KK=1 

GO IC sco  


EGO C C h T I N C i E  

TOCC=O . 
T l = C .  
A C T l = C .  
F l = C  
D E C l  = G o  
RCI 1=0 
T Z = C .  

AlTZ=C. 

F Z = O  

DECZ=O 

R C I Z s C  

406 CONlINUE 

R E T U P h  
EN C 
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SLelrULT I N �  C U N C b R (  r E  r X  I rW r O r F  r XI Y r  Z r  DX-r DY t CZ V U )  
C 
C T H I S  SLBROlrT ihE C C h V E R T S  C C N I C  E L E M E N T S  TO C A R T E S I A N  COORDIKATES 
C 
C A r E r X I  - S E C I C A J O R  f X I S r  L C C E N T R I C I T Y r  I N C L I N 4 T I U N  
C k r O r F  - A K G U M E h T  CF P E R I A F S I S r  L O N G I T U D E  OF A S C E N D I N G  N O D E 9  TRUE 
C AhL P A L Y  
C X I Y I Z  - C C C P C h E h T S  C f  FOSITION V E C T C ! ?  
C C X I C Y I D Z  C C C F C A E h l S  C F  V E L O C I T Y  V E C T U R  
C U - G K P V I T 4 T I O N P L  C C h S T 4 h T  
C 

L A T A  CR / o C 1 7 4 5 3 2 9 2 5  15943/ 
F R = D R * F  
k F H = b K * L W + F  1 
O R = L R * O  
X I  F = G P * X I  
C E h = l  .+E*CCS ( F F  1 
R = A * (  1 - - E * �  ) / L E N  
V =  SCK T t US: ( 2. / F- 1 ../ b 1 1 
G 4 M = 4 T A N (  E * S  IK( FP ) /DEN)  
k F G F = k F P - G  P F  
C W F = C  C S  t WF R 1 
S k F = S I N ( U F P  1 
S C = S I h ( C R )  
CO=CC 5 ( OR ) 
S I = S I N ( X  I R  1 
C I=COS(XI K )  
S k F C = S I N ( W F G R I  
CkFG=COS(  h F E R )  
X = F *  ICWF*CC-SkF*SO*C 1 1  
Y = R *  ( C kF+SC + SkF +CC *C I 1 
L = R * S k F * S  I 

D X = L ~ ( - S U F G * C C - C k F C * S O + C I )  

D Y = L * I  - S w F G * S O + C W F G  * C O * C I  1 

D Z = V * C W f G * S  I 

R �  71Hh 

EN 0 
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S U B E C L T I N E  C F R S P h ( X ~ Y ~ Z I D X I D Y I D Z ~ R ~ R 4 S , D E C , ~ ~ G 4 M ~ S I G 1  
C 
C T H I S  S U e R O U T I h E  C C h V E R I S  C P R T E S I A N  C O O R C I N A l E S  TO S P H E R I C A L  
C CCCPD I N4TE.  
C 
C X v Y e Z  - C C M F O K E k T S  C F  P C S I l I C N  VECTOR 

C D X * C Y * D Z  - COHFGNENTS O f  V E L O C I T Y  VECTOR 

C RIRCSDCEC MAGNITUGE CF F C S I T I O N  VECTOR*  R I G H T  A S C E N S I O N *  

C CEC L I h 4 T  I O N  

C V I E ~ M I S  IG - M A C N I T L E E  OF V E L O C I T Y ,  F L I G H T - P @ T H  ANGLE9 A Z I M b T H  

C 


CATA R D / 5 7 , 2 G 5 7 7 5 5 1 3 0 8 2 3 2 1 /  
OR S h ( T 1=A ' I A  h I 1/ SC R T 11 .-T *T I ) 
R=SORT(X*X+Y*Y+Z*Z  1 
R A S= A T A hi?( Y D X 1 
DEC=ARSNl  Z / R  1 
V = S C R T l D X * C X + C Y * C Y + t Z * O Z  1 
C T  =CC S ( R4 S 1 
S T = S  I N l K A S  1 
CP=CCS(DEC 1 
SP=S I N (  DEC 1 
DXP= C X  *CT*C P+DY * S T  *CP+D Z* SP 
D YP=-DX *ST+CY *CT 
CZP=- CX *SP *CT-0 Y * SP * S  T+C Z*CP 
G A C = R C * b R S N ( C X P / V )  
S I  G= PD * P T  bN2  I CY P r DZP 1 
RPS=RC*RAS 
CEC=RC*DEC 
RETUPK 
EN C 
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S U E P C U T I N E  I C O N I C ( U ~ E C I A ~ T A ~ ~ I T )  
C 

C T H I S  S L P R O U T I h E  COCFUTES TkE T I M E  F R O M  PER PPS IS SAGE F C R  A 

C G I V E N  TRUE @ N C M 4 L Y  


C L - C H C L I T P T I C N 4 L  C C h S T b h T  

C EC 9 6  r T 4 2 Z  - E C C E N T R I C 1  TY t SEMIMAJOR 4 X I S t  TPUE ANOMALY 

C T - T I M E  FPCM P E P I b F S I S  P b S S A G E  

C 

T A N C F I N ) = S I h  ( X ) / C C S  1 x 1  
T 4 2 = T 4 2 2 * . 1 7 4 5 3 2 $ 2 5 E - 1  
S L R = A * (  1o-EC*,EC 
P E = P R S  ( 4 )  
FAC=AB*SQKT ( A B / U )  
E C A = ( l o - E C  ) / ( 1.+EC) 
4BE-SQRT ( AES ( EC4  1 1 
T H l i = T  PNGF 5* T 621 
I F ( P E E - o C C C C 5  I11 r l l  912 

1 2  	C O N T I N U E  
E C A = 2  . * P T A h  IPI? E*Tt- E 1 
I F ( A ) 1 4 r l l r 1 3  

13 T=Fb  C* ( E C  P - E C * S  I N  ECA I 
GO 7 C  1 6  

14 	4NG=ABE*T t -E  
8: PhG/ ( 1 ­AhG=1 + Z  Sh GI 

T = F A C * (  E C * T A N G F ( E C A  ) - A L O G I P N G I  
EO TO 1 6  

11 F A C = S Q R l  ( S L R * * ? / L ) * Z . / (  ( 1o+EC )**2)  
EC1-LCA * T H E *  1.2 
T = F @ C * (  T H E + T k E * * 3 * (  (1.-2 o + E C b )  /30-(2. -3  o * E C A  ) *EC 1 / 5 0 +  ( 3 0 - 4 0 * E C A ) * E  

1 C 1 9 * 2 / 7 o - ( 4 . - 5 0 * E C A ) ~ E C 1 * * 3 / ~ 0  1 )  

I t  	C O h T I K L E  

R E T U R N  
E hD 

SUBPOUT I N E  T I N \ S ( M  r E , E C r F l  
C 
C THIS  S U e R G L T I N E  CCNLERTS C E A h  ANCMALY TO E C C E N T R I C  AND TRUE 
C 4hCF 4 L Y  
C 
C C r E  - MEAN bNCMbLY CND E C C E N T R I C I T Y  
C E C r F  - E C C t h T R I C  Ah0 TRUE 4NOM4LY 
C 

K E 4 L  K r M U  
E t  = M  

10 	MO=EC-k*S IN( EC 1 
DC= P-MG 
Dk=CM/  (1o - E * C C  S I EC I 1 
E t  = EC +DE 
I F ( P B S ( D E  ) o G T . o G O O l ) G O  TC 10 


H E C =  E C / 2 0  

H F = P  T P N  SCR 7 ( t 1 - + E  1 / (1* - E  I ) * S I N (  HEC 1/COS (HE C )  1 

I F ( H F  L T  C. 1 HF = 3 0 1 4 2 5 9 2 6 + H F  

F=2.*I-F 

RETL 'Rh  

END 
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SUBRCbT I N E  C 4 C R  6 T ( 4  r B r C  p X  1r X 2 9  K K  J 
C 
C T H I E  S G B R O L T I N E  S O L b E S  THE E Q U b T I O N  4X**2  +EX +C=O FOR T H E  R E 4 L  
C POC T 2 
C 
C A r B r C  - C O E F F I C I E N T S  O F  TI-E D I F F E H E h T  POWERS OF X 
C x l 1 X 2  - R E P L  ROOT OF T H E  EOUAT I O N  
C K K  - hUMt3ER OF R E A L  ROOTS 
L 

K K = C  

GIS=B*8-4 . * A %  

I F ( C I S o L T . 0 . )  GO TO 800 

X l = I - B + S O R T ( : D I S ) J / 2 . / A  

X 2 = ( - B - S Q R T ( D  IS 1 J/2 . / A  

K K = 2  


�00 R E I U P h  
ENC 

S U B F O U T I N  E CU E 1  C (  A r B r C  r De N l r  X2 r X 3  r K K )  
C 
C T H I S  S U B R O U T l h E  SOLLES THE E Q U A T I O N  A X * * 3  + @ X * * 2  +CX + D  = C FOR 
C THE R E P L  P O C T S  
C 
C A r E r C r D  - C C E F F l C I E h T  OF T F E  D I F F E R E h T  POWERS OF X 
C X l r N 2 r N 3  - P E 4 L  P C C I S  OF T H E  E Q U b T I G N  
c K K  - hUMBER CF REPL R O O T S  
C 

CBR T ( X J=S I G  h ( AB S ( X 1**. 33 3 2 I- 3 3 3 3 9  X J 

KK -0 

P I = 3 o 1 4 1 5 S 2 7  

i F ( A m L T  ..lE-30.PhC.P.GT.-olE-30) GO TO 4 

P = 8 /  9 

c=c/  P 

R = D / 4  

S A = (  3 .*O-P**2 ) /  3. 

SB=(  2. * ~ * * 3 - 9 .  *p*a+ 27. * R )  1 2 7  . 

D E L = (  4 .*Q * * 3 - Q * * Z * F * * 2 - 1 8  *Q*P*R+2 7 * * R * * 2 + 4  .*P **3 *R 1 / l o 8  

I F ( C E L  L T  0 1E - 3 0  6kD. D E L  GT 0 - 0  1 E - 3 0  ) GO TO 1 

I F  ( D E L  J l r  3 r 2 


1 K K = 3  

C PH 1 = - S  8 / 2  /SORT ( S 4* *3  / ( -27  b J 

I F ( P @ S ( C P H I ) O G T . l . ) ~ O  T O  1C 

S P K I = S Q R T ( l  . - C F h 1 * * 2 )  

P H I = d T A N 2 ( S P H I  r C P F 1  1 

GC T C  11 


10 S P H I = S O R T ( ( 2 7 . * O E C ) / S A * * 3  J 
C S I h C E  FOR S P P L L  ANGLES S P H I = P H I  

B E T 4 = S P H I  
I F ( - S @ o G T . O  . ) P H I = B E T A  
I F  I- SB .LT .C 1PH I = 3  1415 9  2C 5 3 5 8 9 7 9 3 - B E T  A 

11 E O = i  o * S O K T ( - S A / 3 . )  
X l = E O * C O S ( P l i I / 3 .  ) - F / 3 0  
X 2 = �  C*C GS ( F H  I / 3 .+20 *P I / 3 ) - P / 3  0 

X 3 =  EO*COS ( P k  1/3 +4 * P I  /3 ) - P / 3 .  
G3.- 10 7 

2 	 K K = 1  
X l = C E H T  ( - S B  /2 . + S Q R  7 ( D E L  1 ) +CBRT (-5 8/ 2.-S QRT ( G E L  J ) - P / 3  
GO TO 7 

3 K K = 3  
X l = 2 . * C B R T ( - S B / 2 .  ) - P / 3  
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C 

C 

C 

C 

C 

C 

C 

C 


C 


C 


C 


c 


C 


X 2 = C e R l ( S B / 2 .  )-P/3. 
X 3 = X  2 
G C  I C  7 
C O N T  INUE 
D I S=C**2-4  *E *D 
I F  (D I SI 7 r 5 r5 
X 1 s i - C  + S O R T ( U  IS 1 )  /2 ./B 
N Z = ( - C - S O R T 4 O X S ) ) / 2  ./B 
K K = 2  
C O N T I N U E  

K E T L P N  

ENC 


SUB F U U T  I NE 0 PRT 1C ( A rB r C  rD r E r X 1 ,  X2 r X3 r X 4  r K K  1 

T H I S  S L i B K O C l I K E  S C L b E S  TI-E E Q U A T I C N  A X * * 4  * E X * * 3  + C X * * Z  + D X  +E = 0 

FGR T H E  K E O L  R O O T S .  T H I S  R O U T I N E  C A L L S  S U B R C U T I N E S  QADR4T A N D  C O N I C  


A r E r C r C r E  - C O E f f I C I E N T S  OF THE D I F F E R E N T  PCkERS O F  X 

X l r X 2 r X 3 r X 4  - R E A L  F C O T S  OF T H E  E Q U 4 T I C N  

KK - hUMBEK OF R E A L  R O O T S  


K K = C  

B P = E / C  

C P = C  / 4  

C P = C / A  

E F = E / b  


t - = - E P / 4 .  

H2=H**2 
t-3=t2*H 
h4 =t3 0  ti 
F = 6  w 2 * 3  .* EP*t  * CP 
Q = 4  .*t-3+3 **B P* b 2 + 2  *CP *H+ CP 
R = H 4  + @ P*ti3 t C P * l - 2 t D P  * H t E P  

GO T C  ( l r 2 r 3 )  r N R O O T  
L R P = 7 1  

GU T O  4 
2 RP=AMCI X l (  T 1  r 12 1 

co T O  4 
3 R P = B M I X l (  11r T 2 r T 3 )  

4 C O N T I N U E  
S C F P = S Q H T  (HP) 
X I = (  P+RP-Q/  56)R P ) / 2 .  
B E T 4  = ( P  +RP * C /  S Q R P  ) / 2 .  

C A L L  OACR 4T f 1 r S C R P  r X I  r Y 1  r Y 2  9 1  ROOT)  
C A L L  O P C R  b f  ( 1  ~ - S C P P I B E T A I  V 3  r Y 4  r JROOT 1 
I F (  I R C C T + J P C C l . E C . Q )  GO T O  800 
I F (  I R O C T + J R C C T . E C * 4 )  GO TO 6 
IF(IROOT.EQ.01 GO T C  5 
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X l = Y  l + H  

X2=Y2+H 

K K = 2  

GO TO 800 


5 	 X l = V 3 + H  
X2 = V 4 + H  
K K - 2  
GO T O  800 

6 	 X l = Y l + H  
X 2  =Y 2+H 
X3=Y3+H 
X 4 = Y 4 + H  
KK=4 


EOC 	 C O A T I N U E  
R ETL'RN 
EN C 

SLBHCUT I N E  CPOS S ( 3  1r Y  1r Z 1 9 3 2  r Y 2 r  22 v P X r  P Y  r P Z  rPROCUCT1 

T I - I S  SLiBKOU7IhE C C t P U T E S  THE VECTOR OR CRGSC PRODUCT 

X l r Y l r Z l  - COMPCNEhTS O f  THE F I R S T  VECTOR 
X 2 r Y 2 r Z 2  - C C C F C h E h l S  OF T H E  SECOND VECTOR 
PXIPYIPZ - C C P P C h E h l S  CF T I - �  VECTOR PRODUCT 
PPCCLCT - M P G N I T U C �  OF T F E  VECTOR PRODUCT 

P X = Y  l* ,LZ-Z 1 + Y 2  
P Y = Z l * X 2 - X  1* 2 2  
P Z = X  l * Y  2-Y 1* X 2  
P R C  D L C T  = S O R T  ( PX * F X  + FY* P V +  F Z *P Z 1 
R E  TURh 
EN C 

SUBROUT I N �  C U T t X l  VY l r Z l r X 2 r Y 2 r Z 2 r A k G L E )  

T t - I S  S L B P O U T I N E  COMPUTES T H E  ANGLE BETWEEN 1WO b � C T f l R S  

X l r Y l r Z l  - CCP-FCNEhTS OF T H E  VECTOK R 1  
X 2 r Y 2 r Z 2  - C C P P C N E h l S  OF T k E  VECTOR K 2  
4NGLE - 4 N G l E  B E T k E E N  VECTORS R 1  AND R 2  

R D =  5 7 . 2 5 5 i i  5 5  13C e23 
R l = S O R T ( X l * X l + Y  l * Y  l + Z l * Z l J  
R 2 =  C C A T  ( X 2 * > 2 +  Y 2 * Y  2 + Z  2 * Z  2 1 

C 
PNGL E = ACOS ( ( X 1*X 2 r Y  1*YZ  + Z 1* 22 J /R 1/R 2 1*R D 
R E  TURN 
ENC 
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SLEHOUT I K E  C K B  I T  ( SLPTI  SLUNG, V I N F  rH&IHP r B E T  4 14 I �  IX I  IWIOIPLAT 9PLONGs 
1CjrhS 1 

C 
C T k i S  S L B R C U T I h E  C C F F L T E S  T k E  K E P L E R I 4 N  C R B I T 4 L  ELEMENTS FOR 4 
C h Y P E P e O L l C  P E R I b P S I S  T O  AN E L L I P T I C A L  P E R I A F S I S  T R A N S F E R  
C 

C SLATISLONG - L A T I T L G E  AhD L O N G I T U D E  O F  T H E  S-VECTOR 

C V I K F  - H Y P E F E O L I C  EXCESS V E L O C i T Y  

C I - A r H P  - P f C 4 P S I S  ANC P E R I A P S I S  A L T I T U D E S  OF T H E  E L L I P S E  

c E E T P  - PNGULAR CEASLHEMENT OF THE Q R I E N T A T I C N  OF THE O R B I T A L  P L A N E  

C 4 r E 1 X l  - S E C I P 4 J O R  A X I S I E C C E ~ T H I C I T Y I  4ND I C C L I N 4 T I Q N  

C W I G  - PRGUMENT OF P E R I b P S I S  AND L O N G I T U D E  OF THE ASCENOING NODE 

C P L P T  r P L C k G  - LP! I T L C E  ANC L C h G I T U D E  CF P E R I f P S I S  

C U t R S  - G R A V l T A T I C h A L  C O N S T b N T  AND R P C I U S  OF THE P L A N E T  

C 


b R C O S ( X ) = A C C S (  X 1 
A R S I N ( X  ) = 4 S  I N 4 X  1 
4NGLE(  X )=4CCD ( X  9360. I +  18C. -S IGN(  180 .IX ) 
R C = 5  7.255 77S513C 823 
OR = .C 1 5  45 2 2 $25 1 5 5 4  I 
X I=B E T A  
I f  ( X I  e G T o B 5  - 5 5 9 9  .AhD.XI o L 7 ~ 9 0 . 0 0 0 1 )  X I = 8 9 o S S 9 9  
IF ( > I .G T -26C 5 5 9 9  AhO. X I L T  2 7 0 .  C C C 11 X I  =2 6 S o  9999 
A = 1 2  o * P S + P P i H P 1 / 2 .  
k = ( F S + H A ) / A - l  

APSHT=PHCOS I U /  ( U + ( R S + H P  ) * V I N F * * Z  1 ) * R D  

B = 4 H c I ~ ( S i h ( S L A l * C F ) / 4 E S ( S I N ( X  I * D R ) ) l * R D  

OEL=PRS I N (  T A N (  S L A T * C K  1 / A B S  I TAN ( X I * D R  1 )  

I F ( X i m L T o 1 8 0 . )  G C  TC 2 

W=AN GLE ( 1E C  e - 8 - A  P SH 11 


0=9hG LE ( 1 8 @  + SLCNG+ C EL 1 
I F ( X I . L T . 2 7 0 . )  EC TI: 1 


6-0 T O  4 
1 C = P h E L E  (18C.+SLONE-CEL)  

GO 10 4 
2 	 k=PhCLE ( B - A F S H T  

I f ( X I . L T . 9 C . I  GO TO 3 
C=AFCLE ( S L C h G + D E L  I 
GO T O  4 

3 C=PI\GL� LSLGNG- [EL)  
4 C O h l I h U E  

I F ( X 1  .GE.lSC.) X I = Z C C . - X I  

PL 4 1  = A  R S I N ( S I N  W*CR J*S IN ( X I *OR 1 1 *RD 
S S D E L = T P N ( P L P T * C R I / T A N (  X I * D R  1 
C S U F L = S S D E L / T 6 h ( k ~ C F ) / C C S ( X I * D R ~  

S D k L = P T  AN 2 ( S S C E L  ,C 5 CEL ) * R E  
PLCFG-AhGLE I O + S C E L  1 
RETURN 
END 

*RD 
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S U e R C U T I N E  PRECES(~ClrXElrYElrZEltJD2rXE2rYE2ri!E2J 

T H I S  S U B R O U T I N E  T R 4 h S F C R C S  MEAN EARTH EQUINCX AND EOUATOR COORDINATES 

F R C P  CNE EPCCH TO PNOTI-ER EPCCH 


JClrJD2 - J U L I P h  C b T E S  CF L N I T I A L  AN0 F I N A L  EPOCH 

% E l r Y E l r Z E l  CCNPChENTS CF VECTOR I N  J D l  C C O R D I N 4 T E  SYSTEC 

X E 2 r Y E Z t Z E 2  - CCCPChENTS CF VECTOR I N  JD2 C C O R D I N 4 T E  SYSTEM 


R E P L  J C l r J D 2  

T = A @ SI I J G Z - J D 1  J /3C 5 2 4  2 1 9 8  79 J 

TO=(  JD2-241 E O 2 C  1 /36524 -219879 

Z E T P C = (  0. C 4 C C 6 S 4 4 + C  . 3 8 7 i 7 7 7 8 E - 3 * T O  I * T + C o 8 3 e  � 8 8 8 9 E - 4 * T * * 2 + @  5 � - 5 * T *  


1*3 

CZ ET A3=Z ET A C  +C i 19 7 i 22 2 E - 3 *  T** 2 

T 1ET AC= (0 5 5 6 8  5 6 11 - C  2 3t9 444E- 3*TO 1*T - C 11E 23 3 3 3 � - 3 *  T** 2-0 1166666 


17E-4 * T * + 3  

C 


I f ( J D 2 - J D l o G T - O o J  GC TO 1 
T E  C F = Z E  T A C  
Z E T b O = - C Z E T 4 0  
C Z E T  PO=-TEPP 
T H E T 4 3 = - T H E T 4 0  

1 C A L L  E L L E P ~ ~ E l v ~ E l r Z E l r % E 2 r Y E 2 r Z E 2 1 9 C . - Z E 2 ~ 9 C ~ ~ Z E T ~ C r ~ ~ 9 O ~ + C 2 E T 4 ~ Jr T H E T 4 0 ,  
l D P 1 I r D P S I v D P S I v  bXP v h Y P r W Z P t  1 v O )  

R E I L R N  
E h C  


S L B R C L T I N E  L 4 T L h G ( X t Y r Z v X L A T  vXLCNG) 
C 
C T t i I S  SClURCLTIhE CCCFUTES T H E  L A T I T U O E  A N D  L C N G I T U C E  OF 4 G I V E N  

C POL I T  I O N  VECTOR 

C 

C X r k v Z  - CLMFCNENTS C F  TI -E  F O S I T I C N  VECTCK 

C X L A T  r X L O N G  - L A T I T L C E  AND L U N G I T U U E  

C 


A PCC S I X  J =  PCC S ( X  1 

b R S I N (  > ) = A S  1 N ( X  1 

R D = 5 7 . 2 5 5 7 7 5 5  

R =  SCRT ( X *  *Z+Y * * 2 +  24.* 2) 

X L C h G z 4 T b N 2  I Y  r X  ) * R E  

X L P T =  P H S I  N ( 2 / R  J *RC 

R ETURh 

EN C 
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SLBROU' I  I N E  E U L E R ~ X I Y I Z I X P  r Y P  VZPIPHIIPS I r T H E l A r D P H I  t D P S I  t D T b E T A e W X P  
1p k Y F  IWZPI JI F 1 

C 

C T H I S  S U B R C L T I R F  PEPFCRPS 8 N  EULER R O T P T I O N  BND/OR COMPUTES T P E  

C I N S T A N T A N E O U S  AhGULAR V E L O C I T Y  VECTOR 

C 

C XIYIZ - C O M P C h E h T S  C f  THE VECTOR I N  T H E  U N P F I M E D  C O O R D I N A T E  SYSTEM 

C XP,YP,ZP - ' C C C P C ~ E ~ T S 
OF T H E  VECTOR IN THE PRIMED COORDI'NATE SYSTEM 
C F H I w P S I s T H E T A  - T k E  THREE E U L E R  ANGLES 
C C P ~ I I C P S I , C I ~ E T A  - T I M E  ROTE OF CHARGE OF TI -�  E U L E R  ANGLES 
C k X P I k Y P e h Z P  - T k E  P R I M E D  CCHFONENTS OF T H E  I N S T P N T 4 N E O U S  ANGULAR 
C \r ELOC I T Y  VECTOR 
C J - C C h T K C L  I h T E G E P .  -1 I C P L I E S  XPIYPIZP I N F U T ,  XIYIZ OUTPUT. 
C 0 I M P L I E S  NC R C T P T I C N .  1 I M P L I E S  XIYIP I N P U T ,  XPIYPIZP CUTPUT. 
C K - C C h T P C L  I N T E G E R .  - 1  I P P L I E S  WLPIWYPIWZP I N P U T ,  D P H I r O P S I ,  
C D T t E T 4  OUTPUT. 0 I C P L I E S  NO 4NGULAR V E L C C I T Y  C O M P U T I T I O N S .  
C 1 I M P L I E S  C P ~ I ~ C P S I I D T H E T PI N P ~ J T I  kXP,kYP,WZP OUTPUT. 
C 

X P k l = P H I * . 0 1 7 4 5 3 2 9 2 5  
X P S I = P S I * . C 1 7 ~ 5 3 2 S Z 5  
X T k =  THE TA *.C 1 7 4 53 2 5  2 5  
I F I  J 1 1 C  e l 2  111 

10 X =  ( COS( XP S I  )*CCS ( X P h I  ) - 6 C S (  X T H  ) * S  I N  IXPH I ) * S  I N  ( X P S I  1 ) * X P  + ( - S I N 1  XPS I 
1) * C C C  ( XPH I 1-CC S ( X l t  1 * S  I N (  X P H I  ) * C Q S (  XPS I 1 I * Y  F +  ISI N ( X T H 1  * S I N  ( X P H I  1 *  
2 Z P  

Y =  I C C S  ( XPS I I * $  I N  ( X P I - I  1 +COS( X T H  )*COS( XPH I 1* S I N  1 XP SI 1 1 * X P + ( - S I N (  X P S l  
l ~ * S I N ~ X P H I ~ + C C S ~ X T H ) * C C S o * C ~ S ~ X P S I ~ ~ * Y F + ~ - S I N ~ X T H ~ * C O S ~ X P H I ~ 1  
2 * Z P  
Z=( S I h (  X l H )  * S I N ( X F S I )  ) * X P + ( S I N ( X T H ) * C O S (  X P S I )  ) * Y P + ( C O S ( X T H )  ) + Z P  
GO Ti3 1 2  

11 X P = L C O S ( X P C I 1 * C O S l X P t I  ) - C C S (  XTHI*SIh(XPHI)*SIN(XPSI) I * X + ( C C S ( X P S I )  
l * S I k l  XPHI ) + C f l S ( X T H 1 + C O S ( X P H I  ) * S I N I X P S I  J ) * Y + { S I N I X T H ) * S I N f X P S I )  l * Z  

Y P = I - S I N I  X P S I  ) * C O S (  > P H I  ) - C O S ( X T H ) * S I N (  X P H I  1 K O S I X P S I  I ) * X + ( - S I N ( X P S  
1I ) * S I N (  # P H I  J + C O S ( X T F ) * C C S ( X P F I  J * C C S ( X P S I  1 ) * ) + ( C O S ( X P S I ) * S I h ( X T H )  ) *  
2 2  

Z P =  I S I h I X T  b d*S IN ( XP I-I 1 J *X + I -S I N I X T  I- 1 *COS IX P k  I1 1 * V+CO S ( XTH 1 * Z  
1 2  I F I l 0 1 3 r 1 5 1 1 4  
13 C P  k I =  tkd X P * S I  h l XF SI 1 +hY P+CCS( X P S  I 1  1 / S I N (  XTH) 

D P  5 I = h Z P - (CCS ( XTI- 19: W XP* S I h ( X P S I  1 +WY P*COS ( X FS I 1  ) ) / S  I N (  X T H )  

D T k E T A = k X P * C O S  ( X P S I  ) - d Y P * S I N t  % P S I  1 

GO T C  1 5  


1 4  k XP = CP k I * S I h ( X T I- * S I N t XP S I + GT HE T A* COS ( X P S I 1 

h Y  P = L P h I*S  I h(  X T k  *C C 5 IX P S I  ) -OTHETP*S IN ( X  PS I 1 
W Z F = D P S I + G P H I  * C O S  [ X T  H)  

1 5  R E ' I L P h  
�N c 
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SLeROUT I N E  V E C T C R ( J D r 0 E C S r R A S r D E C E r R A E r D E C C  r R A C r S X r  S Y r  S Z r E X r E Y  r E Z r  
1 C X  #CY r C Z  r I B C D Y  1 

C 
C T h I S  S L i e R O L T I h E  C O C F L T E S  TkE P O S I T I C N  CF THE SUN, E4RTF i r  4 N D  
C C 4 N C P U S  I N  THE P L A N E T D C E N T R I C r  P L A h E T  E Q U A T C R r  C O O R D I N A T E  S Y S T E M  AND 
C W R I T E S  C A T A  T H I S  P C U T I k E  C A L L S  S U B R O U T I N E S  E E A R T h  r EWARSr EVENUS r PRECES 
C L A T L N G r  DOTI R E C E C r  R E C V E C r  AND REQMEQ. 
C 
C JD - J U L I A &  C a T E  A? T I M E  OF I N T E R E S T  
C I E O C Y  - CONTROL I A T E G E H .  2 I M P L I E S  VENUS. 4 I M P L I E S  MARS. 
C C E C S r P P S  
C C E C E r R A E  
C D E C C r R P C  
C S % r S Y r S Z  
C E X r E Y r E Z  
C C B r C Y r C Z  
C 


R E b L  J C  

- C E C L I N P T  I O N  - CECL i N A T  I G N  - CECL INAT ICN - C N I T  VECTOR - L N I T  V E C l O R  
- C N I T  VECTOR 

A k C  R I G H T  
ANC R I G H T  
AhD R I G H T  
F R C N  THE 
F R C M  T H E  
F R C F  THE 

4 S C E N S I O N  C F  T F E  SUN. 
4 S C E N S I O N  O F  THE EARTH. 
A S C E N S I O N  OF CANOPUS. 

P L A k E T  TO T b E  SUN. 
P L A N E T  TO T k E  EARTH. 
F L 4 N E T  TO CfNOPUS. 

h E r D Z H E I  

6 C 3 4 2 8 3 9  r - . 7 9 5 1 3 0 9 2  r JD rC XE ,CY� r C  


R C = 5 7 . 2 9 5 7 7 S 5 1 3 C e 5 3  
C 

C A L L  EEARTI- (  JDr > h E r  YHEIZHEVDXHEIDY 
C A L L  PRECES ( 2 4 3 2 I B 2 . r - o C t C 3 4 C 5 9 2 r .  

1 Z E I  
C 

I F (  IBODY.EQ.4 I GO T C  2 
I F (  I B O D Y o E O . 2 )  G O  TC 1 
C A L L  E V E N ~ ~ S ~ J C ~ X ~ P ~ V I - P ~ Z H P I D X H P I D Y H P ~ D Y H P ~ D Z H P )  

GO TO 3 

C A L L EMA R S I JD r X k P r Y k F r Z HP CX HP r DY HP r DZHP 1 


c 

XH P�=XHE-XHP 

Y I-P E =  V I - E- YI- F 

ZHP E = Z b  E-ZHP 

RS E =  S C H  T t X b  E**2 tYl- E * 42 t ZH E ** 2 1 

R SP = SaR T ( XH P**Z +YH F **2 + ZH P * * 2  1 

R FE= S C & T  ( X H  F E** 2 + Y  I-P E** 2 +Z I-PE**2 

S�X =  XHE /R SE 

S E Y  =Yl-E/R SE 

SE Z=ZHE/R S E 
SP X= XHP/R SP 
SPY=Y l -P/RSP 
SP Z = ZH P /R  S P 

P E  B =  XI-PE/RPE 
FEV=YHPE/ RPE 
P E Z  = Z b P E / H P E  

1 


C A L L  L A T L  NG ( SEX 9 S E Y  r SEZ r E I - L A 1  r EHLCNG 1 
C A L L  L A T L  hG ( S FX *SPY r S P Z  r P . k L P T r  PHLONG I 
C A L L ,  COT( S E X r S E Y r  S E Z r  I P X r  SPY r S P Z r E S P 1  
C A L L  D O T ( S E X r S E Y  r S E 2 r P E % r F E Y r P E Z r S E P I  
C 4  L L  D C T (  SPX * S P Y  r S P  2 r -PEX * - F E Y *  -PEZ r SP E I 
CALL R E C E O t  J D p - S F X r - S P Y  r - S P Z * S X E * S Y E * S Z E )  
C 4 L L  RECEO(  JC r P E X r P  EY r P E Z  9 EXE, EY E t  E ZE I 

C 
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APPENDIX B 

I F (  IBOCL.EQ.2 1. GC 1 C  4 
I F ( I B O C Y . E Q . 4 )  GO T C  5 

4 	C b L L  R E C V E C ( J 0 r  $ N E *  $ Y E  r S Z E  r S X r S Y  r S Z  r D E C S r R A S 1  
C A L L  H E Q V E C ( J C * E X E r E Y E r E Z E I E X , E Y  r E Z r D E C E r  R A E )  
C A  L L RE CVE E ( JC r C X  E + C Y  E r CZ E r C X r  C Y *  C Z r  OECC r RAC) 
GC IC 6 

5 	 C A L L  AECMEQ ( J C  r SXEI CYE S Z E  r S X r  SY S Z  r OECS r R 4 S )  
C A L L  HECMEC ( J C r  E X E  9 EY E E Z E r  E X *  E Y  EZ  r D E C E r R A E )  
C A L L  HL;6;ME4( J C r C X E r C Y E  r C Z E r C X  *CY r C Z r  DECCr R A C )  

C 

6 	 %PS=:X*KSP 

Y P S = S  Y *R SP 
ZP S = S Z * R S  P 
X PE= E X*RP E 
Y P � = E  L*RPE 
ZPE=EZ*RPE 

C 
I F (  IBODY.EQ.2 GC T C  7 
IF( IBODY . E 0 . 4 )  GC TC 8 

7 	 W R I T E ( 6 r l O l )  X H F r Y H F r Z H P r P ~ L A T r P H L O h G r X H E r Y ~ E r Z H E r E H L 4 T r E H L C N G  
hR I T E  I C 9 1  02 1 N F Sr Y F 5 9 ZPS 9 CECS r K A S  r X P E r  YPE r Z FE p OECE ( R A E  
HR I Tk ( 6 e 1  03 1 S X r S Y  r 5 2 r EX r E Y  r E Z  r CX *CY r CZ 
W R I T E  16 r l C 4 )  F P E r P S E  r K S P  r S E P r E S P r S P E  
GC 7 C  E C C  

8 	 k R  I T  E ( 6  l U 5  1 X t  F r Yh P r ZHF r F H L A T  r PHLONG r XHE r Y  FE r ZHE r E H L A T  r EHLCNG 
W R I T E (  6 9 1 C 6 J  N F S r Y P 5  r Z P S  r C E C S  r R 4 S r  XPEr YPEr  ZFE r O E C E r R A E  
WRI  T E (  t 9 1  07  S X  L) C Y  9 C Z  * E X  EY * E Z  vCX ,CY c C Z  
H P I T E  ( 6 r l C 8 )  H P E r R S E  c R S P r S E P r E S P r S P E  

C 

101 F O F ~ P T ( ' s C I - E L I C C E N T P I C  E C L I P T I C  (MEAN E Q U I F O X  OF D A T E ) * / / 2 4 X r * X  ( 

l K M ) * r e N i * Y  ( K M ) * r 9 X  r * Z  ( K F ) * r 9 X r * L A T I T U D E * r 7 X , * L O N G I T U D E * ~ / *  V E N U  
2 S * r 5 X r 5 E 1 6 . 7 / / *  EARTH* r 5 X r 5 E 1 6 . 7 1  

102 F O P C 4 T l * G A P ~ R O D I O C E h T R I C  ( V E N U S  EQUATOR, VENUS E Q U I N O X ) * / / 2 4 X r  *X 
1 ( K M I * r 8 X q * L  I K C ) * 9 9 X r * Z  ( K M ) * r 6 X , *  D E C L I N A T I O N  R I G H T  A S C E N S I O N *  
2 / / *  SUN+ r 7 N r 5 E L 6 . 7 / / *  E d R T H * r 5 X r 5 E 1 6 . 7 )  

103 F C F P P T  L l 4 H C  U N I T  b E C T f l K S / / 1 2 H  SUN 3 E  1 6 . 7 / / 1 2 H  EARTI' 3 E  
116 .  i / /  12I- C 4 N U P  L S 3 E16 - 7  

104 FCFMAT ( 2 9 H O V E h U S - E O R T H  D I S T A N C E  ( K M )  = E 1 6 . 6 / / 2 9 H  SUN-EARTH D I S T A N  
1 C E  ( K K )  = E 1 6 , 8 / / 2 9 H  SUN-VENUS O I S T 4 N C E  ( K M )  = E 1 6 . 8 / / 2 9 H  VENU 
2S-E4RTI- -SUN 4 N G L E  = E 1 6 . 8 / / 2 9 H  VENUS-SUA-EARTH ANGLE = E 1 6  
3 . 8 / / Z 9 H  ECKTH-VENLS-SUN A h G L E  = E 1 6 . 8 )  

105 f O R C ~ T ( * C k E LI C C E h l P I C  E C L I P T I C  ( P E A N  E C U I h O X  OF D B T E ) * / / 2 4 X r * X  ( 
1KM I *  ( 8 %  r * Y  ( KFn 1 * 9 9 %  r * Z  I K P  I *  r 9 X q  * L A T I T U D E *  7 X  , *LONGITUDE* /  / *  HARS 
2 * r k F r 5 E 1 6 . 7 / / *  EORTb* r s X r 5 E 1 6 . 7 )  

106 FORM dT ( +04R EOCEhTK IC ( M P  PS EQcl ATORr MARS EQU INOX ) * / / 2 4 X r * X  ( KM )*  
1 r 8 X r * Y  (KM)* : ,9X  r * Z  ( K M ) * r  E X . *  D k C L I N A T I O V  R I G H T  A S C E N S I O h * / / *  S 
2 U N * r 7 X r  5 E 1 6 . 7 / / *  E t R T H *  9 5 X r 5 E 1 6 . 7 )  

107 f O R M P T ( 1 4 h G  U & I T  L E C T U R S / / 1 2 H  SUN 3 E  16 7/  /12H E AR TH 3 E  
116.7 / /12H C4NOPUS 3 E 1 6 . 7 )  

1C8 F D R C A T ( Z e H C F A R S - E A R 1 H  D I S T A N C E  ( K M )  = E 1 6 . 8 / / 2 8 H  SUN-EARTH C I S T A N C  
1 E  ( K M I  = E l 6 . e / / 2 e H  SLN-MARS D I S T 4 h C E  ( K M I  = E 1 6 . 8 / / 2 9 H  H A R S - E 4  
2 R T H - S U q  ANGLE = E 1 6 . 8 / / 2 8 H  M4RS-SUN-EARIH 4 N G L E  = E 1 6 . 8 / / 2  
3 8 H  k A P I H - M A P S - S U N  F h G L E  = E 1 6 . 8 )  

C 
E C C  KE ' ILPN 

E AD 
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APPENDIX C 

INPUTSANDOUTPUTS 

The definitions of all input and output parameters are given in this appendix along 
with a sample input and the corresponding program output. 

Definition of Input 

Definitions of the program input follow: 

Program Mathematical 
symbol symbol  

J D  JDa 

SVDECE %,EE 

SVRAE $EE 

VINF 


HA 


HP 


BFRST 


BLAST P l  

BSTEP AP 

TLAST t l  

TSTEP At 

xJ20 J20 

IBODY IBODY 

SUN1 $1 

SUN2 92  
SUN3 9 3  
SUN4 *4 
SUN5 *5 

SUN6 $6 

.~ 

Definition 
__ 

Julian date  of a r r iva l  at planet 

Declination of the incoming hyperbolic asymptote 
a t  the planet in the Earth equinox and equator 
coordinate system 

Right ascension of the incoming hyperbolic 
asymptote a t  the planet in the Earth equinox 
and equator coordinate system 

Hyperbolic excess  velocity a t  the planet 

Apoapsis altitude of the orbit about the planet 

Pe r i aps i s  altitude of the orbit about the planet 

The f i r s t  orientation angle of the orbital plane 
to  be considered where 0' 5 pi 9 360°. 
(See fig. 1.) If an iteration is performed on 
p, the value of must  be an  integer. A 
rational value may be input if only one incli­
nation is considered. 

The last orientation angle to  be considered where 
Oo 5 pL 5 360' and is an integer; B1 need not 
be input if only one inclination is considered. 

Orientation s t ep  s i z e  where Ap 5 0; Ag must 
not be input if only one inclination is considered. 

The last t ime in the planet orbit to  be considered 
where tL is measured f r o m  arr ival ;  tl is 
considered z e r o  if not input. 

T ime  s t ep  s i ze  in  the planet orbit; At need only 
be input if t l  is input. 

Second zonal harmonic of the planet; Jz0 is 
considered ze ro  if not input. (Fo r  Mars ,  
J ~ o= 0.002075.) 

Integer indicator 
IBODY = 2 for  Venus 
IBODY = 4 for  Mars  

First Sun angle. The angle between the planet-Sun 
vector and the planet-spacecraft vector where 

0' ? *; need only be input if  Sun angle date  
is desired,  i n  which case  up t o  six different 
values of 9 may be input. 

Second Sun angle 

Third Sun angle 

Fourth Sun angle 

Fifth Sun angle 

Sixth Sun angle -
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Sample Input 

The program input is loaded by using a FORTRAN IV namelist. A sample set of 
input data is as follows: 

$CASE 	 JD = 2441533.5, 
SVDECE = 62.94, 
SVRAE = 120.12, 
VINF = 4.33, 
HA = 20000, 
HP = 1000, 
BFRST = 0, 
BLAST = 60, 
BSTEP = 10, 
IBODY = 2, 
SUN1 = 60, SUN2 = 70, SUN3 = 80, SUN4 = 90$ 

Definition of Output 

Definitions of the program output follow: 

Program Mathematical Units 
Definitionsymbol symbol 

Julian date JDC 


Arrival date 


SVDECE ~ , E E  


SVRAE XS,EE 


VINF v m  
_ ­

-_ ~--
Current Julian date 

The calendar date of arrival at the planet 

Defined under input (see SVDECE) 

Defined under input (see SVRAE) 

Defined under input (see VINF) 
- - -

The following output parameters a r e  referenced to the mean planet equinox and 
equator of date coordinate system. They a r e  listed in the same order in which they 
appear in the sample output. 

Program Mathematical units Definition 
-_ .- -

SVDECP %,PE deg Declination of the incoming hyperbolic 
asymptote at the planet 

%3,PE deg Right ascension of the incoming hyper-
bolic asymptote at the planet 

- ~ - ~  -

symbol symbol 

_ _ _  
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Program
symbol 

Mathematical 
symbol 

Definition 

HA ha Defined under input (see HA) 

HP hP Defined under input (see HP) 

J D  JDC Current Julian date 

PLAT 6P Latitude of periapsis 

PLONG XP Longitude of periapsis 

PX PX X-component of the P unit vector of 
the PQW tr iad 

PY PY Y-component 

P Z  pZ Z-component 

QX QX X-component of the Q unit vector of 
the PQW tr iad 

QY QY Y- component 

QZ QZ Z -component 

wx WX X-component of the W unit vector of 
the PQW triad 

WY WY Y-component 

wz WZ Z-component 

VELSUN a! Angle between velocity vector at periap-
sis and the Sun vector 

SMA a Semimajor axis of orbit about the planet 

ECC e Eccentricity 

INC i Inclination 

ARGPER w Argument of periapsis 

ARGNOD 52 Longitude of ascending node 

DECSUN 6, Declination of the Sun 

RASUN X@ Right ascension of the Sun 

DECETH 6, Declination of the Earth 

RAETH 43 Right ascension of the Earth 
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~ 

Program Mathematical Units Definitionsymbol symbol 
-

XSUN none 

YSUN none 

ZSUN none 

XEARTH none 

YEARTH none 

ZEARTH none 

PERIOD hour 

XCANPS none 

YCANPS none 

ZCANPS none 

ZAP deg 

SVP deg 

VPE km/sec 

VAE km/sec 

VPH km/sec 

DELV km/sec 

XJ20 none 

TIME min 

T.A. deg 
___ -

X-component of the unit vector from the 
planet toward the Sun 

Y-component 

Z-component 

X-component of the unit vector from the 
planet toward the Earth 

Y-component 

Z -component 

Period of the orbit about the planet 

X-component of the unit vector from the 
planet toward the star Canopus 

Y-component 

Z -component 

Angle at the planet between the Sun vec­
tor  and the incoming hyperbolic 
asymptote (S-vector ) 

Angle between incoming hyperbolic 
asymptote and the vector from the 
planet to periapsis 

Velocity at periapsis of the elliptical 
orbit about the planet 

Velocity at apoapsis of the elliptical 
orbit about the planet 

Velocity at periapsis on the hyperbola 

Deboost velocity (vph - Vpe) 

Defined under input (see XJ20) 

Time in orbit measured from periapsis 
to the point in question 

True anomaly of the point in question 
-_ _  
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Program
symbol 

ALT 

DEC 

RA 

V/H 


Mathematical 

symbol 


h 


6 


x 

V/h 

Definition 

Altitude of the point in question 

Declination of the point in question 

Right ascension of the point in question 

Ratio of horizontal velocity to altitude at 
point in  question 
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Q,
0 Sample Output 

Samples of the output as received from the program follow: 

J U L I f N  C P T E  2441533.5 

YEAR MONTH DAY 

CbLENC4P CLTE 7 2  e 4 

4RRIVaL G b l E  7 2  8 4 

HELIGCENTFIC ECLIPTIC IFEPN ECUIKCX OF GATE1 

X ( K M I  Y I K M )  Z I K M )  L A T I  TUDE LONGITUDE 

VENUS 1.030 2678E t i  E -3.45CS7E2E+G7 -6.4203809E+C6 -3 3817195Et00  -1.8518755EtOl 

EdRT t- loCCSE453EtCe -1.132S869EtC8 0. 0. -4 8 288874 E+O 1 

AFHPCCICCEKTRIC (VENLS ECCPTOR. VENUS ECU INOX) 

X (KM) Y I K M )  2 (KMJ DECL IN4T ION RIGHT 4SCENSION 

SUN -8.1802037EtC7 7.13i2691EtC7 7.8121254EtCC 4.1159245E+00 1.3889514E+02 

ELRTH -3.2tSE443EtC7 -7.1997858�+07 -4.5053729E+C5' -3.2644396E-01 -1.1442558�+02 

UNIT VECTORS 

5 UN -7.5 15642 1E-C 1 C. 5 5  i4357E-C1 7.1 774666E-CZ 

EART k -4.1350426E-01 -9 IC LE43tE-Cl -5.6574911E-0 9 

C PNOFUS 8 li 5 5 C  E9E-C2 3.13 C34S2F-C 1 -9.462 5934E-C 1 

VENUS-EbRlt- DISTANCE (KMJ = i .SC i t4357EtC7  

SUN-EPRTH CISTANCE ( K t ' )  = 1.5177137UEtC8 

SUN-VENLS CISTAIVCE ( K C )  = leClE�42379E+C8 

V ENUS- EAR 1P- SUN* ANGLE = 4.92SE73C3Et01 

VENUS-SLN-E CRTb ANGLE = 2 $5440 75CE+O 1 

E LRTH-V EN1S-SUN 4NCLE = 1.06659 189E+O 2 



BET P = 5O.CCCC (VENUS EQUATCR, VENUS EQUINOX) 
T I M E  F4ST 4RFIVAL = c.0 C 4 Y S  

T I M E  T . A .  AL T DEC R b  V/H 

SVCECE= 6.29400000 E+G 1 SVRAE = 1.2C120000E+$2 VINF = 4.33000000E+00 SVCECP= 4.57515624E+01 
SVRPP = 8.70988412E+Ol HP = 2.GCCCOCOOEt04 HP = 1~00000000E+03  JD = 2.44153350E+06 
PLAT = 1.8492034EE+Cl PLONG = 4.39 216827Et01 PX = 6.83098535E-01 PY = 6.57858492E-01 
F Z  = 3 e17172819E-01 O X  = -6.28135792E-'31 a y  = 3 .26431033~-01 a z  = 6.97298711~-01 
kX = 3.5518eE27E-01 kY = -6.78723055E-01 WZ = 6.42787610E-01 VELSUN= 4.19521438E+01 
SMP = 1.65E5GCCCEt04 E C C  = 5.72806753E-01 INC = 5.0'3000000E+01 ARGPER= 2*44588570E+01 
A PGNCD= 2*7623S274E+01 CECSUh= 4.11552452E+00 R4SUN = 1*38895138E+C2 OECETHz -3.26443962E-01 
R4ETk = - 1e1442 55tlOE+02 XSUN = -7.51564211E-01 Y SUN = 6.55743573E-01 Z S L N  = 7 17746656E-02 
XEPRTH= - 4  13504 26 CE-O 1 Y E A R T H z  -9elC4E4358E-01 ZEARTli= -5.69749114E-C3 PEPIOC= 6.54043860E+OO 
xc4  hFS = Ee1255C5e8E-02 Y C ANP S =  3 e13 03491 5E -0 1 ZCANPS= -9.46259344E-01 ZAP = 6.11941244E+Ol 
SVP = 4 . 4 7 8 3 9 3 2 7 ~ + ~ 1  VP E = 8 49 2C 2 89 OE +O' I  V A E  = 2*30653727E+CO VPH = 1.05095498E+01 b 
DELV = i C 1 7  52C E 5E+OC XJ2O = 0. v v

3 
SUh CNGLE f0 .G C E E  PND C E C t  S / C  P S C  12. 30 46.64 1912.76 46 -45 89.58 .DO393299 

SUh ANGLE 60.0 G E C  PND I N C t  s / c  csc 91.32 142.47 14334.23 9.97 -160.86 .COO20556 

SUN ANGLE 70.C DEG AND C E C t  S I C  A S C  e.03 31.84 1410.80 39.59 71.57 .00568941 cl 

SUh CNGLE 7G.O C E E  AhD ' I N C t  S I C  c s c  126.21 157.27 17539.44 -1 a32 -151.27 .COO14523 

SUN ANGLE 8C.O DEG AND DECt s / c  4sc  4 -42  18.01 1128.78 31  -15  58.1C: .90738890 

SUN ANGLE e0.G O E G  PNO INCt  s / c  csc  167.23 171.10 19585.12 -11 - 8 5  -142.23 .00011967 

SUN dNGLE 50.0 DEE AN0 CECI S / C  A S C  1.11 4.55 lf'cJ8.16 21.81 47.24 e00841363 

SUK AhGLE 90.0 C E G  AND INCt S/C CSC -181.27 - 175.45 19850.03 -21.81 -132.76 .l?CO11646 


SUN CCCULT4TIGN T I M E  
E N T E F  SUN UCCULTA'I ICN 
E X I T  SLN CCCIJLTATIGN 

t A R T k  OCCULTATION T I M E  
ENTER E P R T I - CCCULlATION 
E X I T  E C R l t  OCCULTAT ION 

CANCFLS CCCULTAT ICh r I M E  
EFiTER C A P C P U S  OCCULT4TION 
E X I T  CPNCPLS O C C U L T P T I C h  

0.00 
0 .oo c. c c  0.00 0.00 0.00 
0.00 0.00 0.00 0 .oo 0.00 

22.97 
-10.97 317.75 1740 23 -13.53 15.97 

11.99 45.63 1871- 4 7  46 .@8 88.23 

0.00 
0.00 
0 .oo 

0.00 
c.00 

0.00 
C.O@ 

3 .oo 
(3 .orJ 

0 .on 
0.00 



I 

BETA = 
T I M E  P b S T  ARRIVAL = 

60. 	OCOO (VENUS EQUATCR, VENUS ECUINOX) 
C.0 0 4 Y S  

1e2C 12@COOE+02 VINF = 4.3300OOOOE + O CS V C E C E =  6 .294COCCCE+01 
S V R A P  = �.7C588412E+Ol 
PLAT = 5.53023C77E+OO 
P Z  = I 6 556757 3E-C 1-kX 6e7G64438tE-01 
S H b  = 1.65E5CCCSEt04 
LRGNCC= 5.C7500715Et’Il 
RAETP = - 1 14425 580E tci 2 
XE4RTH= -4 1359426 CE-01 
XC PNFS= P.125505EEE-CZ 
SVP = 4*47839327 f+O 1 
CELV = 2.01?52C85E+00 

SkR P E  = 
H4 = 
PLONG = 
a x  = 
kY = 
ECC 
DEC S U N =  
XSUh = 
Y E4 RTH 
YCANPSZ 
V P E  = 
XJ20 = 

SVCECP= 
JC = 
P Y  = 
QZ = 
VELSUN= 
ARGPER= 
DECETH= 
ZSUN = 
PERIOD= 
ZbP = 
VPH ‘= 

4*57515624E+Ol  
2.44153350E+06 
8.20590189E-01 
8.5005132FE-01 
5.70371716E+01 
1.13217390�+01 

-3.26443962E-0 1 
7.17746656E-02 
6.5404386DE t O O  
6.11941244E+@l 
1.05095498E+01 

R A  V /  H cd 

2 .OCCOOO3OE+C4 
5 63123976E +01 

-5.01016087E-01 
-5.47S38C51E-01 

5.72866753E-01 
4.1159 2 4 5 2 E + O 9  

-7.51564211E-91 
-9.1C4 E4358E-01 

3.13034915E-01 
8.492028906+00 
0. 


HP = 1.0@000030E+03 
PX = 5.47009130E-C1 
QY = 1.62467333E-01 
WZ = 5.CGOC’0000E-01 
I N C  = 6~00000@0GE+01  
KASUN = 1.38895138E+02 
YSUN = 6.55743573E-01 
ZEARTH= -5.69749114E-03 
ZCANPS= -9.46259344E-91 
V A E  = 2.30653727E+00 

TIHE 7.4. ALT DEC 
M 


SUN CNGL E tC.U D E E  P h O  INCI S / C  C S C  39.46 102.76 6671.89 52.42 -177.86 .@0070690 
suN PNGL E 60.0 C E C  AND DELI S / C  A S C  12.9 2 48.61 1997.22 48.35 91.22 .Of3372731 
SUh ANGLE 70.0 G E E  m u  INC, s i c  csc 66.78 128.16 11162.31 34.48 -152.61 .00031252 
SUN ANGL E 70.0 C E G  4ND C E C s  S / C  A S C  5.75 23.21 1215.08 29.15 69.54 00 67 82 92 c) 
suh bhGL E 80.0 C E E  AND l N C t  S / C  DSC 102.41 147.67 15510.85 18.3 4 -140 2 9 -00017962 
SUN ANGLE 80.0 O E G  AND C E C ~  s i c  a s c  90 3.70 1005.37 12.71 58.23 a0084402 8 
SUN PNGL E 90.0 D E G  AND INCt  S / C  DSC 150.38 145.68 18957.04 2 e 8  5 -130.90 00012 674 
SUN ANCL E w.0 DEG AND GEL, S I C  asc -3 .50 -14.32 1081.06 -2.85 49.10 -007766 39 

SUh CCCULTCT ICN T 1 P E  
ENTER SUh CCCULTAT I O N  
E X I T  SUN CCCULTAT I C N  

E A R T t - OCCLLT4TIGh T I P E  
ENTEF EPPTH OCCULTAT ION 
E X I T  ECRlk OCCUL74110N 

CbNOPUS CCCULTAT I C N  T I M E  
EhTER CPkGPUS OCCULTATION 
EX I T  CbNCFLS OCCLL T A T  I O N  

0.00 
0.00 0 .@O 0.00 0 .oo 0.OQ 
0 .oo c .  90 0 .oo 0.00 O.O@ 

25.38 
-13.42 335.81 2068.20 -33.16 28.59 

11.96 45.52 1567.02 46.26 87.86 

0 .oo 
0.00 0 .oo 0.00 0 .oo 0.00 
0.00 0.00 0 .oo 0.00 Q .PO 

8 
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